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FOREWORD 


The work described in this report is a part of the Energy 
Conversion Alternatives Study (EGAS)— a cooperative effort of the 
Energy Research and Development Administration, the National Sci- 
ence Foundation, and the National Aeronautics and Space Administra- 
tion. 


This General Electric contractor report for EGAS Phase I 
is contained in three volumes: 

Volume I - Executive Summary 

Volume II - Advanced Energy Conversion Systems 

Part 1 - Open-Cycle Gas Turbines 

Part 2 - Closed Turbine Cycles 

Part 3 - Direct Energy Conversion Cycles 

Volume III - Energy Conversion and Subsystems and Components 

Part 1 - Bottoming Cycles and Materials of Construction 
Part 2 - Primary Heat Input Systems and Heat Exchangers 
Part 3 - Gasification, Process Fuels, and Balance of Plant 

In addition to the principal authors listed, members of the 
technical staffs of the following subcontractor organizations de- 
veloped information for the Phase I data base: 

General Electric Company 

Advanced Energy Programs/Space Systems Department 
Direct Energy Conversion Programs 
Electric Utility Systems Engineering Department 
Gas Turbine Division 

Large Steam Turbine-Generator Department 
Mediiim Steam Turbine Department 

Projects Engineering Operation/I &SE Engineering Operation 
Space Sciences Laboratory 

Actron, a Division of McDonnell Douglas Corporation 
Argonne National Laboratory 

Avco Everett Research Laboratory, Incorporated 
Bechtel Corporation 
Foster Wheeler Energy Corporation 
Thermo Electron Corporation 

This General Electric contractor report is one of a series 
of three reports discussing EGAS Phase I results. The other two 
reports are the following; Energy Conversion Alternatives Study 
(EGAS) , Westinghouse Phase I Final Report (NASA CR-134941) , and 
NASA Report (NASA TMX-71855) . 
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Summary 

ADVANCED ENERGY CONVERSION SYSTEMS 


The objective of Phase I of the Energy Conversion Alternatives 
Study (EGAS) for coal or coal-derived fuels was to develop a 
technical-economic information base on the ten energy conversion 
systems specified for investigation. Over 300 parametric varia- 
tions were studied in an attempt to identify system and cycle 
conditions which indicate the best potential of the energy con- 
version concept. This information base provided a foundation for 
selection of energy conversion systems for more in-depth investi- 
gation in the conceptual design portion of the EGAS study. The 
systems for continued study were specified by the EGAS Interagency 
Steering Committee. 

The technical-economic results include efficiency, capital 
cost and cost of electricity. For reference purposes a steam 
cycle (3500 psi/1000 F/1000 F [2.41 x lO^ N/m^/811 K/811 K] ) with 
conventional coal burning furnace, stack gas cleanup and wet 
mechanical draft cooling towers was analyzed with the same analysis 
procedure employed for the advanced systems. This reference steam 
plant had an efficiency of approximately 37 percent. The open- 
cycle MHD system was the only plant to show efficiencies approach- 
ing 50 percent. A group of cycles-advanced steam, supercritical 
COof liquid metal topping, and inert gas MHD— were estimated to 
have efficiencies in the 40 to 45 percent range. 

The energy conversion systems with capital costs significantly 
lower than the reference steam plant were those with short con- 
struction times and simple construction, i.e., open-cycle gas 
turbines and low- temperature fuel cells. The more complex plants, 
i.e., open- and closed-cycle MHD and liquid metal topping, re- 
quired longer construction time and were higher in capital cost. 

Efficiency and capital cost are a part of the total technical- 
economic evaluation. The combination of these characteristics with 
the cost of fuel and operation and maintenance costs results in a 
cost of electricity for more complete comparisons. The only sys- 
tems which were consistently lower than the reference steam plant's 
30 mills/kWh at 65 percent capacity factor were the open-cycle gas 
turbine-combined cycle. MHD, supercritical GO 2 , liquid metal top 
topping, and high-temperature fuel cells had a higher cost of elec- 
tricity than the reference steam plant, as did many of the advanced 
steam cases because of their higher capital costs. The low capital 
cost plants— (low-temperature fuel cells and open cycle gas turbine, 
recuperative) utilized clean fuels and consequently had high fuel 
charges. These systems would be more economically applicable to 
peaking or mid-range duty. 


Introduction 

ADVANCED ENERGY CONVERSION SYSTEMS 


Many advanced energy conversion techniques which can use 
coal or coal-derived fuels have been advocated for power genera- 
tion applications. Conversion systems advocated have included 
open- and c"osed-cycle gas turbine systems (including combined 
gas turbine— steam turbine systems) » supercritical CO2 
liquid metal Rankine topping cycles, magnetohydrodynamics (MHD) , 
and fuel cells. Advances have also been proposed for the steam 
systems which now form the backbone of our electric power indus- 
try. These advances include the use of new furnace concepts and 
higher steeun turbine inlet temperatures and pressures. Integra- 
tion of a power conversion system with a coal processing plant 
producing a clean low-Btu gas for use in the power plant is still 
another approach advocated for energy conserving, economical pro- 
duction of electric power. Studies of all these energy conver- 
sion techniques have been performed in the past. However, new 
studies performed on a common basis and in light of new national 
goals and current conditions are required to permit an assess- 
ment of the relative merits of these techniques and potential 
benefits to the nation. 


The purpose of this contract is to assist in the development 
of an information base necessary for an assessment of various ad- 
vanced energy conversion systems and for definition of the research 
and development required to bring these systems to fruition. 
Estimates of the performance, economics, natural resource require- 
ments and environmental intrusion characteristics of these systems 
are l>«3ing made on as comparedjle and consistent a basis as possible 
leading to an assessment of the commercial acceptability of the 
conversion systems and the research and development required to 
bring the systems to commercial reality. This is being accomplished 
in the following tasks: 

Task I Parametric Analysis (Phase I) 


Task II Conceptual Designs 
Task III Implementation Assessment 


(Phase II) 


This investigation is being conducted under the Energy Con- 
version Alternatives Study (ECAS) under the sponsorship of Energy 
Research and Development Administration (ERDA) , National Science 
Foundation (NSF) , and National Aeronautics and Space Administra- 
tion (NASA) . The control of the progr2un is under the direction 
of an Interagency Steering Committee with participation of the 
supporting agencies. The NASA Lewis Research Center is responsible 
for project management of this study. 

The information presented in this report describes the re- 
sults produced in the Task I portion of this study. The emphasis 
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task was placed upon developing an information base upon 
which comparisons of Advanced Energy Conversion Techniques using 
coal or coal-derived fuels can be made. The Task I portion of 
the study was directed at a parametric variation of the ten ad- 
vanced energy conversion systems under investigation. The wide- 
ranging parametric study was performed in order to provide data 
for selection by the Interagency Steering Committee of the sys- 
tems and specific configurations most appropriate for Task II and 
III studies. 


The Task II effort will involve a more detailed evaluation of 
seven advanced enercTi'- conversion systems and, result in a conceptual 
design of the major components and power plant layout. The Task 
will produce the research and development plans which 
would be necessary to bring each of the seven Task II systems to 
a state of commercial reality and then to assess their potential 
for commercial acceptability. 

A prime objective of this study was to produce results which 
had a cycle- to-cycle consistency. In order to accomplish this 
objective and still ensure that each system was properly advo- 
cated, an organization which is or had been a proponent of the 
prime cycle was selected to advocate the energy conversion sys- 
tem and tc analyze the performance and economics of the prime 
cycle portion of the energy conversion system, i.e., the parts 
of the system which were novel or unique to the system. The re- 
maining subsystems, e.g., fuel processing, furnaces, bottoming 
cycles, balance of plant, were analyzed by technology specialist 
organizations which presently have responsibility for supplying 
these subsystems for utility applications. The final plant con- 
figuration and performance were produced by the Ge^ieral Electric 
Corporate Research and Development study team and this group per- 
formed the critical integration of the final plant concept. This 
methodology was used to provide a system-to-system consistency 
while maintaining the influence of a cycle advocate. 

The ten energy conversion systems under investigation in this 
study are defined and analyzed in this volujme of the report 
These include : 

1. Open-cycle Gas Turbine Recuperative 

- with clean and semi-clean fuels produced from coal 

- with and without organic bottoming cycles 

2. Open-Cycle Gas Turbine 

- with air and water cooling of the gas turbine hot 
gas path 

- with clean and semi-clean fuels from coal and 
integrated low-Btu gasifiers 
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3. Closed-Cycle Gas Turbine 

- with helium working fluid 

- with a variety of direct coal and clean fuel furnaces 

- with emd without org2mic amd steam bottoming cycles 

4. Supercritical CO2 Cycle 

- with basic and recompression cycle variations 

- with a variety of direct coal and clean coal-derived 
fuel furnaces 

5. Advanced Steam Cycle 

- with both throttle and/or reheat temperatures greater 
than present practice (1000 F [811 KJ) 

- with a variety of direct coal and clean coal-derived 
fuel furnaces 

6. Liquid Metal Topping Cycle 

- with potassium and cesium as working fluids 

- with a variety of direct coal and clean fuel furnaces 

7. Open-Cycle MHD 

- with direct coal and semi-clean fuel combustion 

- with standard steeun and gas turoine bottoming 

8. Closed-Cycle Inert Gas MHD 

- with parallel and topping configurations 

- with both direct coal and semi-clean fuel utilization 

9. Closed-Cycle Liquid Metal MHD 

- with mixture of liquid sodium and helium as working 
fluids 

- with standard steam bottoming 

- with a variety of direct coal and clean fuel furnaces 

10. Fuel Cells 

- both high and low tenqperature (less than 300 F (422 K] ) 

- with employment of clean process fuels for low temper- 
ature cells and low-Btu gasification at high tempera- 
ture cells 
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The subsystems which complete the energy conversion system 
are discussed in Volume III of this report. The results as pre 
sented in the following sections include the total energy con- 
version system. 
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2.8 OPEN-CYCLE MHD 

DESCRIPTION OF CYCLE j ^ 

In open-cycle MHD power generation, fossil fuel is burned 
at high temperature (4500-5000 F [2756-3033 K]) and pressure 
(7-15 atm); the hot combustion gases then are "seeded" with 
small fractions (1 percent) of an al)cali metal (potassium) in- 
troduced usually as a carbonate powder or solution; and the re- 
sulting gas mixture, which has an electrical conductivity of or- 
der 10 mho/m is then expanded through an MHD generator. In tne 
generator, the conductive gas flow interacts with a high magnetic 
field (5-7 tesla) to generate voltages, as in any electrodyn^ic 
machine, perpendicular to the flow velocity and magnetic field. 

Electrodes at the sides of the generator channel provide elec- 
trical contact between the flow and an external load, thereby 
permitting d-c electric current flow and transfer of electric 
power to the inverters and then to the external a-c power system. 

The gas flow leaves the generator channel, still at very 
high temperature (3600 F [ 2256 K] ) , when its electrical conduc- 
tivity, which varies exponentially with temperature, has become 
too low for efficient MHD conversion. The remaining energy in 
the gas is then used in a series of oxidizer preheaters and (with 
steam bottoming) steam and water heaters as the gas flows through 
the power plant and cools toward stack temperature. Before the 
gas flow is released through the stack to the atmosphere, the 
alkali metal is reclaimed and recycled, and with it is removed 
any sulfur that was introduced with the fuel. The i^team gener- 
ated is used to drive conventional turbines which power air com- 
pressors and conventional a-c generators. 

The design and cost estimation of the open-cycle MHD power 
systems has been a joint effort by Avco-Everett Research Labora- 
tory, Foster Wheeler, Bechtel, and General Electric. The principal 
items designed and costed by personnel from each of these com- 
panies were as follows: 

Avco-Everett 

combustor \ 

MHD nozzle/generator/diffuser 
superconducting magnet/Dewar 

refractory storage high temperature air preheater 
seed recovery and processing 

Foster Wheeler 

coal handling auxiliaries 

radiant furnace * 

steam superheater/reheater 
low-temperature air preheater 
economizer 

hot gas cleanup for air turbine (Case 22) 
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Bechtel 


on-site labor and materials 
cooling towers 
balance of plant 

General Electric 


electrical inversion equipment 
steam turbine/generator 
steam turbine/compressor 

In addition, General Electric has performed the system integra- 
tion function. 

Thirty different MHD power cycle cases have been analyzed 
in the Task I activity. * The cycle configuration considered for 
both base cases. Cases 1 and 24, and for all other cases except 
Case 22, is the binary MHD-Steam Power Cycle with direct com- 
bustion of the coal or solvent refined coal (SRC) fuel. The gen- 
eral configuration of this power cycle is illustrated in Figure 
2.8-1, which gives pressures, temperatures and flow rates applic- 
able for Case 1. Here the heat content of the MHD generator ex- 
haust gases is utilized for power production in a bottoming 
steam plant and for preheating of the combustion air. The air 
preheater subsystem is divided into a regenerative type refrac- 
tory heat exchanger operating at gas temperatures above 1400 F 
(1033 K) and a recuperative type metal tubular exchanger opera- 
ting at lower gas temperatures. The high- temperature air heater 
receives heat from the main combustion gas flow after the flow 
leaves the radiant furnace. It is classified as directly fired 
and it is used in all MHD-Steam Power Cycle Configurations ex- 
cept Cases 9 and 10. Case 10 considers the alternate use of in- 
directly fired high- temperature regenerative type refractory heat 
exchangers as shown in Figure 2.8-2. This alternate of indirect 
firing of the high-temperature regenerative air preheater avoids 
problems related to MHD generator exhaust gas contamination by 
seed and ash. The fuel required for separate firing of the re- 
generator is produced from the more volatile matter in coal by 
rapid thermal devolatilization brought about by mixing part of 
the main coal fuel with a smaller fraction of the hot MHD gener- 
ator exhaust gases as indicated in Figure 2.8-2. 

The recuperative heat exchemger preheats the fuel oxidizer 
from the compressor outlet tenperature to 1400 F (1033 K) in all 
cases except three. The three exceptions are: 

1. Case 9 - This case involves oxygen enrichment with 
preheat of the oxygen enriched air to 1500 F ( 1089 K) 
in a recuperative heat exchanger only. 


♦The principal design par 2 uneters for these 30 cases are listed 
in Table 2.8-6. 
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Figure 2.8-1 Open-Cycle MHD (Base Case 1) 
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Figure 2,8-2. Indirectly Fired High-Temperature 
Air Preheater System 


2, Case 13 — This case considers an air preheat temperature 
of 2000 F and a lower exit temperature of 1000 F ( 811 k) 
was assumed for the recuperative heat exchanger. 

3. Case 22 — This case involves a gas turbine bottoming 
plant with a high-temperature and lower -temperature gas 
turbine arranged in series. An exit temperature of 

1000 F ( 811 K) was assumed for the recuperative heat i 

exchanger which matches the inlet temperature to the 
low-temperature air turbine. 

Case 8 considers the effect of operating the design of Case 
1 at reduced fuel, air, and seed flows and correspondingly re- 
duced pressure ratio and power output. Results for this case give S 

some indication of system performance at reduced load. ^ 

Case 9 considers the use of oxygen enrichment of the combus- 
tion air. This alleviates the need for high- temperature regenera- 
tive heat exchangers. The oxygen plant required corresponds to 
12,000 tons per day (10.9 x lOo kg per day) of contained oxygen 
at 80 percent purity with a total compressor power requirement 
of 110 MW. For the Task I Study this oxygen was treated as a ^ 

purchased item ($9/ton) , whose cost was added to the coal fuel 
cost. 
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One case, Case 22, considers a gas turbine bottoming plant 
instead of a steam bottoming plant. The cycle configuration for 
this Case is shown in Figure 2.8-3. The gas turbine bottoming 
plant consists of a high -temperature gas turbine and a lower -tem- 
perature gas turbine operating in series. Specific additional 
design data for this case is listed on Figure 2.8-3. An expen- 
sive and somewhat uncertain particulate removal process has been 
included near the inlet to the high-temperature turbine to reduce 
particles picked iip in the refractory storage heat exchanger and 
ducts to the 30 ppm level required by gas turbine inlet specifi- 
cations. A liquid cooling loop that probably would be required 
for control of wall temperatures in combustor, MHD generator, 
and diffuser has been neglected here in cost estimates. Perform- 
ance calculations, however, have included the effects of heat 
losses from those components. 

Direct combustion of the coal fuel in a single high-temper- 
ature MHD combustor has been considered for all cases. The MHD 
generator channel operates with ash laden combustion gases so that 
ash is continuously deposited and coats the channel walls. 

The assumed degree of slag removal in the combustion process 
has been specified for each case. Additional slag removal also 
occurs from the MHD generator exhaust gas immediately upon exit 




MHD 

Combustion Air 

Kiqh Temperature 
Turbine Air 

Low Temperature 
Turbine Air 

High Temperature Regenerator MW 

1120 

1180 

- 

Low Temperature Recuperator MW 

475 

860 

220 

Total MW 

1595 

2740 

220 


Figure 2.8-3. MHD-Gas Turbine Power Cycle 
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from the MHD diffuser* The slag extracted here is assumed to be 
discarded. The solubility of seed in slag is limited and practi- 
cally all of the seed remains in vapor form at these high exit aas 
ten^eratures. ^ 


Fuel rich combustion in the high- temperature MHD burner with 
a fuel/air equivalence ratio of 1,07 has been assumed in all 
cases for the purpose of emission control of nitrogen oxides. 
Additional secondary air is added near the exit of the radiant 
furnace to bring the flow to fuel/air equivalence ratio of 1.0 
for afterburning and complete oxidation of the fuel. 

recovery is combined with removal of sulfur oxides when 
this IS necessary to satisfy sulfur emission control standards. 
Seed and reaming fly ash precipitated from the stack gas, and 
collected from the boiler and air heater in the bottoming plant, 
are processed as necessary and recycled. The processing of seed 
converts recovered potassium sulfate to potassium carbonate and 
produces elemental sulfur as a by-product. Because of uncertain 
market conditions, no economic credit is taken for the byproduct 
sulfur. This processing of recovered seed is schematically 
shown in Figure 2 . 8 - 4 . The principle of the process is first to 
reduce recovered K2SO4 to K2S. This reduction is accomplished 
K2SO4 with CO and H2 provided by purchased low-Btu 
(LBtu) gas. The K2S produced in the reduction process is further 
reacted with water vapor (H2O) and carbon dioxide to form potas- 
sium carbonate (K2CO3) and hydrogen sulfide (H2S) . The hydro- 

?nU produced is fed to a Claus plant where elemental sul- 

fur IS produced as a byproduct. 

The energy content of the LBtu reducing gas is significant 

sulfur fuels. For systems fueled 
by 111 #6 coal ( 3.9 percent sulfur) the heating value of the re- 
ducing gas IS approximately 5 percent of that of the coal flow. 

The K2CO3 from the process is recycled to the MHD burner. 

fly-ash relative to recovered seed is so small 
that It can be directly recycled together with K2CO3 without in- 
curring a serious build-up of ash. ^ 

removal of sulfur from the combustion gas primarily as 
K2SO4 requires removal of 2.44 weight units of potassium for 
each weight unit of sulfur removed and thus imposes a lower limit 
on potassium seed flow for any given sulfur flow, a limit that 

whSn^illinofS^il sulfur coal is the fuel. For example, 

percent sulfur) is burned, seed frac- 
tions less than approximately 1 percent K by weight in the combus- 

permit attainment of the EPA limits on SOv 

sulfSr process is supplemented by some other 

sulfur removal process. For the Montana sub -bituminous ( 0.8 per- 
cent sulfur). North Dakota lignite ( 0.7 percent sulfur?, wd 

solvent refined coal liquid (0.8 percent sulfur) fuels, this effect 
does not provide practical limitations. ^ueis, mis ettect 
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ANALYTICAL PROCEDURES AND DESIGN ASSUMPTIONS 


Working Fluid 

Thermodynamic equilibrivim calculations for the fuel-oxidizer 
and seed mixtures were conducted to establish the thermodynamic 
operating conditions of the working fluid for the MHD generator 
and the bottoming plant. For the MHD generator, the electrical 
properties of the working fluid are based upon thermal equili- 
brium conditions. The nitrogen oxide levels formed in the com- 
bustor are assumed to be frozen during rapid transrt through the 
MHD nozzle-generator-diffuser, then brought to equilibrium again 
at tfemperatures near 2960 F (1900 K) during a 2-second dwell in 
the radiant furnace before final freezing caused by decreasing 
reaction rates in the cooling gas. 

The parametric assumptions of fuel type and its heating 
value, oxidizer type, and its preheat temperature, seed material 
and its concentration, together with assumed combustion effici- 
ency establish the initial gas stagnation conditions. In these 
calculations it has been assumed that the three different moist 
coals have been dried before burning by flue gases extracted from 
the bottoming plant, Illinois #6 bituminous coal has been as- 
sumed dried to 2 percent moisture content and Montana sub-bitumi- 
nous and North Dalcota lignite to 5 percent. 

MHD Combustor 

MHD combustor design has been based upon data and results 
from experimental work with MHD coal and oil combustors at Avco 
Everett Research Laboratory. The combustion reaction has been 
assumed to reach thermal equilibrium at combustor t^perature. 
Combustor heat losses have been estimated at approximately 0.4 
MW per square meter of combustor surface. For all coal fueled 
cases, a combustor residence time of 50 milliseconds has been 
selected in accordance with results from experimental work. The 
coal feed is pulverized coal designated as 70 percent through 
200 mesh. The injection of the pulverized coal into the combus- 
tor is accomplished at flame holder type structures that create 
shear layers with recirculation zones for turbulent dispersion 
and rapid and homogeneous mixing of the injected coal with the 
preheated oxidizer. 

The combustion chamber has a vertical arrangement with the 
generated combustion gases delivered to the MHD generator from 
the lower part of the burner. Seed is injected at the gas exit 
from the burner to avoid possible loss of seed in the slag ex- 
tracted from the bottom of the burner. 

The combustor design for burning of liquid solvent refined 
coal has been based on a combustor residence time of 15 milli- 
seconds, which is in line with combustor residence times used in 
experimental MHD combustors using heavy fuel oils and fuel oil- 
pulverized coal mixtures. 
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MHD Generator 


MHD Channel . The procedure for MHD channel calculations is 
outlined in the accompanying diagram (Figure 2.8-5). It is as- 
sumed that the flow is developing rather than fully developed. 

The flow is divided into an inviscid core occupying most of the 
channel area and a boundary layer confined to the immediate vi- 
cinity of the channel walls. Boundary- layer displacement thick- 
nesses are calculated from momentum integral equations for both 
electrode and insulator walls, taking into consideration shape 
factor, compressibility and wall cooling effects. 

The performance characteristics, in particular the Hall vol- 
tage and effective conductivity, are sensitive to nonuniformities 
in the flow. Nonuniformities in velocity, electrical conductivity, 
and Hall parameter in the vicinity of both the electrode and in- 
sulator walls are^treated. Performance degradation due to finite 
segmentation and Dx ® forces are also considered. 

The plasma is assumed to be in chemical equilibrium at the 
local conditions, except in nitrogen oxide concentrations, at all 
points in the flow field. Since the plasma consists of combus- 
tion products, the electron density is assumed to be in Saha 
equilibrium at the translation temperature of the plasma. In 
the analysis, both the thermodynamic and the transport properties 
of the gas mixture are required. The thermodynamic equilibrium 
properties of the combustion products, considering up to fifty 
of the most important species, are calculated as a function of 
temperature and pressure. The electrical conductivity a and the 
Hall parameter wt are evaluated as a function of temperature and 
pressure using Frost's approximation with the effects of electron 
attachment to OH and other species included and accounting for 
magnetic field strength effects. The viscosity y is evaluated 
using Wilke's mixture rule and the first approximation of the 
Chapman-Enskog expansion with Lennard- Jones ' potentials for the 
individual species, except for H 2 O where an experimental correla- 
tion is used. 

In general, the calculations performed for each case illus- 
trate that MHD generator specific power output, expansion effi- 
ciency and length are most strongly influenced by electrical 
loading parameter and air preheat temperature. It should be 
noted that inlet stagnation pressure which specifies the total 
isentropic enthalpy available for energy extraction is essentially 
a dependent variable which should be determined by the choice of 
electrical loading parameter, the preheat temperature, and other 
parauneters. Because of this effect, the inlet pressure tends to 
vary eunong the cases studied more than most other design parame- 
ters. 


The power output from the generator is almost unaffected by 
the variation in magnetic field between 5 and 7 tesla. The main 
reason for this is that the pressure ratio and thus available gas 
enthalpy for energy extraction is specified to be constant. The 
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Fuel-typ* and relative 
flow rata 
Oxldi ter- type and 
relative flow rate 
Seed-type and relative 
flow rate 
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(coobuation and 
heat loss) 


Mottle area, contour, 
heat loss 

Total mass flow rate 
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Initial 
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It6 (x) for diagonal configuration 
Friction factor equation 
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^ Hi* program calculates channel loft_ for a specified velocity distribution 

design program calculates velocity, etc. for a given channel loft. 

2 Electrode and boundary layer voltage loss is specified by an equation based on 
measurement as twll as theoretical calculation. 

J Barred quantities are averages over the channel cross section. 

4 Separate programs are used for the calculations of three-dimensional current 
distributions and end effects. 


Figure 2,8-5, MHD Channel Calculation Procedure 





reduction in field strength is compensated for by ^"“®“!'^rela-'''' 
without incurring serious heat and pressure losses for the reia 
tively large generator capacity considered here. The power out 
put could have increased with increased tield strength 
ground rules under which the study was conducted P^tttedj^n^ 

Ippropriate increase in pressure ratio. Due to Pt° 9 t^atic 1 
tations, few cases have been included in which ma:or changes 
been made in two parameters simultaneously. 

The effect of seed variation on power output is also insig- 
nificant. This can be explained by the relative 
of performance to length as indicated above, and by 
insensitivity of conductivity to seed concentration in the range 
considered from 0.5 to 1.5 percent. 

The diffuser porformanoe is estimated assuming a 70 percent 
diffuser efficiency and a two-dimensional subsonic expansion, 

since data covering the high inlet blockage =°”^i''J°"®thirtvpe 
teristio of the MHD application are most complete 
of diffuser. However, available evidence indicates that three 
dimensional di??users can be equally effective. A three-dimensional 
diffuser expansion would have the advantage of reducing the dif- 
fuser length by roughly a factor of two. 

In a high-blockage situation, boundary-layer bleed and me- 
chanical pumping to exhaust plenum pressure should be advan 
aeous However, no credit was taken for this possibility 
for the beneficial effects of boundary layer ss the gas 

flows from the MHD duct into the relatively cold-walled diffuser. 

MHD Magnet. The required magnetic field f?t_the^mD jener- 
ator is provided by a superconducting magnet. A saddle shapea 
magnetic field coil has Len selected and the axial magnetic field 
alolirthe channel has been tailored to the MHD channel operating 
requirements. The actual magnetic field distribution and axial 
PMfiirhav^been calculated and utilised in the MHD channel per- 
?o™ai« calculations. Magnet design data for the base Case 1 
are listed in Table 2.8-1 and for base Case 24 in Table 

The magnetic field profile rises sharply ^^^^tapers'^of^ 
channel where it reaches its peak value. ^ This 

towards the channel exit where it drops off 

decrease of the magnetic field from inlet to exit lowers the 
axial electrical field (Hall field) and Hall parameter within 
the MHD generator, which are important to 

operation. For Case 1 with an average magnetic field strength 
of 5 tesla, the axial electrical field within the channel is 

quiL !ow 4nd varies between 1.1 and 2 7 f/”' ^4 

with an average magnetic field strength of 6 tesla the axial 
electrical field varies between 1.2 and 4.0 kV/m, which still 
is within the range where experimental MHD channels have been 
successfully operated. 
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Table 2.8-1 


MAGNET FOR BASE-CASE MHD GENERATOR 
CASE 1-2000 MWE PLANT SIZE 


Channel Specifications 


Inlet 1.4297 m x 1.4297 m 

Exit 3.653 m x 3.653 m 

Active Length 25m 


Field: Inlet 

Bo max. 

Exit 

VB^ = Ab 2 dl 

0 


2.496 T 
5.992 T 
3.12 T 
11,600 m3T2 


Magnet Design Data 


Warm bore (circular) Inlet 

Exit 

Active length 
Ampere turns 
Ampere meters 
Stored energy 

Current density, winding, average 
Dewar O.D. 

Inlet end 
Exit end 

Dewar length, overall 

Conductor weight 

Main structure weight 

(design stress 25,000 psi) 

Internal structure & 
miscellaneous weight 

Dewar weight 

Total 


2.87 m 
6.50 m 
25 m 

50.8 X io6 
34.2 X lo8 
15,200 mega joules 

2.0 X iq 7 A/m2 

9.3 m 
13.6 m 
31 m 

900.000 kg 
1,900,000 kg 


180.000 kg 

750.000 kg 

3,730,000 kg 


I 


\ 
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Table 2.8-2 

MAGNET DESIGN DATA FOR BASE CASE MHD GENERATOR 

CASE 24-SRC AS FUEL j 

Channel Specifications 

Inlet 1.067 m sq. 

Exit 3.499 m sq. 


Active length ^-20 m 

Field: Inlet 3.21 T 


Peak 7.72 T 


Exit 2.40 T 


Magnet Design Data 


Warm bore (circular) ; Inlet 

2.60 m 

Exit 

6.36 m 

Active length 

20 m 

Field: Inlet 

3.2 

Peak 

7. 9 

Exit 

2.4 

VB2 = AB2 dl 

13,200 m2T2 

0 


Ampere turns 

76.4 X 1q6 

Current density, average 

2.0 X 107 A/m2 

Dewar O.D. 


Inlet end 

9.8 m 

Exit end 

13.7 m 

Dewar length 

28 m 

Conductor weight 

1,036,000 kg 

Main structure weight 

2,100,000 kg 

Intermediate structure & 
miscellaneous weight 

200,000 kg 

Dewar weight 

750,000 kg 

Total 

4,086,000 kg 
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High- Temperature Preheater 


The high-temperature regenerative type air preheater sub- 
system design is based upon information and experimentr results / 
obtained in the development of such preheaters for MKD power sys- 
tem applications at Avco Everett Research Laboratory. 

The thermal performance of the preheater has been calculated 
by computer techniques. This mathematical treatment is based 
upon two differential equations related to the flow of heat with- 
in the matrix and from the fluid to the matrix and vice versa. 
Preheater cycle time periods, materials, temperature gradients 
and temperature fluctuations within the refractory matrix, as 
well as the geometry, dimensions and height of the matrix have 
been selected, based upon experimental work along with detailed 
analysis of thermal stresses of refractory matrices and system 
requirements for high temperature regenerative preheaters. 

For all cases except 9, which excludes a high- temperature 
preheater, a total of 6 preheater units has been assumed with 
2 units on blow-down for heating of air, 3 units on reheat with 
hot combustion gases and one additional spare unit. The cycle 
time periods selected are four minutes on blow-down and six 
minutes on reheat. 

The matrix for preheat temperatures of 2000 F (1367 K) and 
2500 F (1644 K) consists of bricks with 1 1/2-in. hole diameter. 

One exception to this is Case 22 using a preheat temperature of 
2500 F (1644 K) and gas turbine bottoming plant, in which case 
a hole diameter of 1 in. has been selected for the matrix bricks. 

The 1-in. hole diameter has also been employed for the higher 
preheat temperatures of 3100 F (1978 K) and 3600 F (2256 K) with 
direct firing of the preheaters. For the one case with indirect 
firing. Case 10 (with 3100 F preheat temperature) , a smaller hole 
diameter of 1/4-in. has been selected for superior thermal per- 
formance. The fuel gas for indirect firing is procured by vola- 
tilization of a small part of the coal by mixing it with a small 
fraction of high temperature MHD combustion gases. In this way, 
rapid devolatilization of the volatile matter of coal is attained 
and a residence time of 100 milliseconds is adequate for volatili- 
zation to occur. The exit fuel gas temperature is 1880 F (1300 K) 
which is below the dew point for potassium seed. The remaining 
char, with ash and condensed seed from the volatilization process, 
is fed to the MHD burner where it is burned together with the 
main coal fuel feed. 

Design data for the high temperature air preheater for tne 
first base case. Case 1, and Cases 2 and 3, are listed in Table 
2.8-3. ‘similar data for the second base case. Case 24, are listed 
in Table 2.8-4. 
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Table 2,8-3 


AIR PREHEATER 
CASES 1, 2, AND 3 



Case 1 

Case 2 

Case 3 

Plant Size MWe 

2000 

1200 

600 

Air preheat 
temp (®F) 

2500 

2500 

2500 

Air pressure (atm) 

10.5 

10.5 

10.5 

Number of Heaters 

6 

’2 blowdown 
3 reheat 

6 

~2 blowdown 
3 reheat 

6 

'2 blowdown 
3 reheat 



1 spare 


1 spare 


1 spare 

Heater bed 
dia. (ft) 

30 

24 

17 

Heater bed 
height (ft) 

40 

40 

40 

Heater total 
height (ft) | 

75 

70 

60 

Heater bed 
weight (tons) 

1400 

900 

450 

Heater total 
weight (tons) 

2400 

1650 

1000 

Pressure drop 
Air side (atm) 
Gas side (atm) 

0.01 

0.06 

0.01 

0.06 

0.01 
0. 06 


Table 2.8-4 


AIR PREHEATER 

CASE 24-BASE CASE WITH SRC AS FUEL 


Air preheat temperature (®F) 

3100 

Air pressure (atm) 

16 

Number of Heaters 

6 

2 blowdown 



3 reheat 



1 spare 

Heater bed dicuneter (ft) 

30 

Heater bed height (ft) 

40 

Heater total height (ft) 

75 

Heater bed weight (tons) | 

1600 

Heater total weight (tons) 

2600 

Pressure drop 


Air side (atm) 

0.01 

Gas side (atm) 

0.10 
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COST BASIS 


Combustor 

The combustor and channel inlet expansion nozzle are cooled 
by boiler feedwater in all cases except for Case 22 , which has 
a gas turbine bottoming plant. Cooling is contemplated in this 
latter case by utilizing a closed loop with an organic coolant 
(e.g., Dowtherm) , together with an external heat exchanger, (In 
this case, the heat transferred to the coolant from the combus- 
tor is considered to be lost to the surroundings, whereas in the 
former case it is utilized for boiler feed water heating.) 

Cooling of the combustion chamber and inlet nozzle permits 
the use of steel as the basic construction material, A metal 
tubular construction for the outer walls of the combustion chamber 
and nozzle is contemplated. The inner walls are lined with re- 
fractory which in time will be partly replaced by ash during op- 
eration. 

MHD Channel Assembly 

The MHD channel assembly includes the channel and diffuser. 
The channel walls consist of water (or Dowtherm) cooled Inconel 
bars with refractory insulation in between, and a plastic back- 
ing structure reenforced with stainless steel ribs. The channel 
becomes lined with slag during operation. The diffuser walls are 
made of water-cooled steel tubes backed by insulation and struc- 
tural steel. 

Superconducting Magnet 

Cost and weight estimates for magnets are based on the use 
of air-core saddle-coil magnets with windings of copper-stabilized 
NbTi superconductor maintained at liquid helium temperature by 
closed- loop refrigeration equipment. The typical magnet has a 
warm bore of circular cross section, increasing in diameter 
toward the low- field end to conform approximately to the increas- 
ing cross section of the MHD channel toward the exit (low-field) 
end. The windings themselves also diverge toward the exit end. 

The windings are enclosed in a close-fitting liquid helium con- 
tainer. Main structural members supporting the windings against 
gravity and magnetic forces are of aluminum alloy, operating at 
the same temperature as the coils. The structural members include 
shells enclosing the windings and carrying the major longitudinal 
magnetic forces together with ring girders or the equivalent 
clamped around the outside of the winding and shell assembly and 
carrying the radially-outward magnetic forces. The windings and 
structure are mounted in a vacuum jacket (Dewar) made of alumi- 
num alloy. Multi-layer thermal insulation and intermediate tem- 
perature thermal shielding are provided to reduce heat transfer 
from the room- temperature jacket walls to the cold region. 
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Ml magnet designs incorporate full cryogenic stabilization 
with relatively low current densities (2 to 3 x iq 7 A/m2) and 
moderate structural stresses of 20,000 to 35,000 psi (15 to 25 x 
10 6 kg/m2) . To conserve superconductor, it is assumed that the 
windings are "graded,” i.e., the amount of NbTi contained in the 
conductor in portions of the windings exposed to lower fields 
is reduced in inverse proportion to its current-carrying capacity, 
which increases with lowering field. For those magnets designed 
for the higher fields at the front end (above 6T) , the end-turn 
configuration is spread out in order to reduce field concentration 
in the winding. 

Costs of stabilized superconductor are based on recent ven- 
dor estimates for large cross-section, low— current density com- 
posite conductor (built-up type) , adjusted in accordance with 
design magnetic field levels. Costs of aluminum alloy structure 
and vacuum jackets are likewise based on vendor estimates on 
large welded assemblies. Costs of magnet coil winding and assem- 
bly labor, accessory systems and installation are engineering es- 
timates based on past Avco experience in MHD magnet work.* 

High-Temperature Preheater 

The design of the high- temperature preheater subsystem which 
forms the base for the cost analysis and determines the materials 
requirements is based upon data and information developed in Avco 
MHD preheater development work. This includes construction and 
operation of experimental preheaters, materials investigations, and 
design studies of large scale preheaters for commercial MHD power 
plant applications, as well as information gathered from other 
industrial and special applications of high- temperature regener- 
ators . 

A regenerative heat exchanger with a stationary refractory 
bed was selected because most data and information are available 
for this type of preheater design. Refractory type regenerators 
with stationary beds have also been used for several years with- 
in the steel and glass industry for preheating air to about 2500 F 
(1644 K) by waste heat recovery from high- temperature combustion 
gases containing some contamination of dust and alkalies. Di- 
mensions of these large industrial regenerators are typically 
heights of 125-150 ft (38-46 m) and diameters of about 30 ft (9m). 
High -temperature switch-over valves for cyclic operation of such 
regenerators are manufactured in sizes up to 6 ft (1.8 m) inter- 
nal diameter. 

Cost data have been obtained from refractory manufacturers, 
high -temperature valve manufacturers and steel fabricators in 

*The estimates for the magnet system provided by Avco during 
Task I include some cost elements that should be included in 
Balance of Plant, The Avco estimates have been accepted as sub- 
mitted, however, because it appears that actual double counting 
has not exceeded 15 percent of total installed magnet cost. 
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the preparation of cost estimates. Estimates for materials : nd 
costs comprise the total high-temperature preheater subsystem 
and include all regenerator units with their refractory matrix, 
refractory lining and insulation, steel vessels and structure. 

In addition for the one case. Case 10, with indirect firing, the 
analysis includes also the cost of the coal devolatilizer for 
production of the fuel gas required, as well as the auxiliary 
burner equipment for separate burning of this fuel.* 

Present costs obtained for checker bricks of high purity 
magnesia and alumina are in the range of $0.25 to $0. 35/lb 
($0.55 to $0. 77/kg) in bulk. These checkers with hole sizes 
U t6 2 in. 12.5 to 5 cm]) similar to those used in directly 
fired regenerator matrix design have been used for industrial 
regenerators up to temperatures of 2600 F (1700 K) . Cored bricks 
of high purity alumina have been used successfully in experimen- 
tal MHD preheaters with clean combustion gases up to higher pre- 
heat temperature of 3100 F (2000 K), and also in wind-tunnel 
heaters at these high temperatures. According to rough estimates 
obtained from refractory manufacturers, costs in bulk of such 
cored bricks would be in the order of $1. 00/lb ($2. 20/kg) for 
high purity alumina or magnesia. The use of magnesia and alumina 
is limited to maximum preheat temperatures of about 3100 F (2000 K) 
because of their thermal properties. The selection of refractory 
materials is detemined by several other factors in addition to 
thermal stability of the materials such as chemical stability, 
thermal fracture resistance and mechanical strength. For the 
very high preheat temperature of 3600 F (2256 K) , zirconia ma- 
terial has been specified for the upper portion of the matrix 
operating at temperatures higher than 3000 F (1922 K) . Bulk unit 
cost for this high temperature zirconia material has been esti- 
mated to $3/lb ($6. 61/kg) from information gathered. 

With the above data as basis, a cost of $0. 50/lb ($1. 10/kg) 
has been applied for refractory matrix material of magnesia or 
alumina for preheat temperatures of 2000 F (1367 K) and 2500 F 
(1644 K) . For the higher preheat temperature of 3100 F (1977 K) 
the same unit cost ($0. 50/lb) has been applied to the part of the 
matrix designed to operate below 2500 F. For the portion of the 
matrix operating above this temperature, the use of more costly 
magnesia or alumina materials at a unit cost of $l/lb ($2. 20/kg) 
has been assumed. 

For the highest preheat temperature of 3600 F (2256 K) , the 
matrix has been divided into three temperature zones with differ- 
ent materials and unit material costs. For the temperature zone 
below 2500 F (1644 K) , magnesia or alumina material is assumed 


♦The estimates for the high -temperature air heater costs pro- 
vided by Avco during Task I have been multiplied by the factor 
0.61 to remove from those estimates cost elements that should 
be included in Balance of Plant. This factor was obtained from 
a breakdown of air heater costs provided by Avco during Task II 
efforts. 
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with a unit cost of $0. 50/lb ($1. 10/kg), for the middle tempera- 
ture zone from 2500 F (1644 K) to 3000 F (1922 K) , more costly 
magnesia or alumina materials are assumed with a unit cost of 
$l/lb ($2. 20/kg), and for the higher temperature zone above 
3000 F (1922 K) , zirconia material is assumed with a unit cost 
of $3/lb ($6. 61/kg). 

The one case with indirectly fired regenerators utilizes 
a cored brick design with a relatively small 1/4-in. (0.64 cm) 
hole diameter which has a superior thermal performance compared 
to the brick designs with larger hole diameter of 1-in. (2.5 cm) 

and 1-1/2- in. (3.8 cm). For this specific case with cored 
bricks, the refractory material unit cost has been assumed to 
be $l/lb ($2. 20/kg) for the complete matrix. 

Other preheater types and concepts besides regenerators with 
stationary beds are under development or have been proposed. 

These include regenerators with moving refractory beds of the 
rotary and falling types, as well as more advanced and novel con- 
cepts involving coal ash as the intermediate heat transfer medium. 
Moving type bed systems would be more compact than fixed ones 
and hence could be less costly. The possible use of coal ash as 
the heat transfer media would obviously result in substantial 
savings of matrix costs. 

Seed Recovery and Processing 

The estimated costs associated with processing of seed using 
LBtu gas as the fuel source are listed in Table 2.8-5. Seed make- 
up costs related to the loss of seed in slag or otherwise are 
also included in this table. 

RESUliT S 

The results of the Task I study cover a total of 30 systems 
outlined in Table 2.8-6. These systems were treated as a coal- 
fired base case. Case 1, with 22 parametric variations, and a 
semi— clean fuel fired base case. Case 24, with 6 parametric vari- 
ations Detailed results for the two base cases. Cases 1 and 24, 
are summarized in Tables 2.8-7 and 2.8-8. Table 2.8-9 gives the 
detailed cost distributions for all systems studied and Table 
2.8-10 gives the distributions of output powers and auxiliary 
losses. 

Although most of the parcunetric variations involve relatively 
small changes in the systems, a few such as Case 9 using oxygen 
enrichment of combustion air. Case 10 using separately fired high- 
temperature air heaters, and Case 22 using the air turbine bot- 
toming system represent major departures. In addition to those 
major system changes, the parametric variations for the coal- 
fired systems include variations in nominal power output from 
2000 MWe down to 600 MWe (Cases 1, 2, 3), the use of three dif- 
ferent coals (Cases 1, 4, 5), variations in slag re;]ection during 
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Table 2.8-5 


ESTIMATED COSTS FOR CONSTRUCTION AND OPERATION 
OF SEED RECOVERY EQUIPMENT 


Power Plant ; 

Plant Fuel 
Plant Size (MW) 
Seed Concentration 


(% K) 


Processing Plant; 


Direct Construc- 
tion Cost (10®$) 


♦Fuel Cost ($/hr) 


Operation + Main- 
tenance Cost ($/hr) 


Sulfur Produced 
(tons/hr) 


♦ *Seed Make-up Cost : 


For 80% or 90% 
Combustor Slag 
Removal ($/hr) 

For No Combustor 
Slag Removal ($/hr) 


111. #6 111 . #6 111 . #6 111 . #6 111 . #6 Montana 


2000 


1200 


2000 


2000 


1115 


1115 


12.6 


♦Based upon $2.08/MBtu for synthesis gas as the fuel source. 

♦♦Based upon $0. 05/lb K 2 O for potassium sulfide as seed make source. 


2000 






OP THE 


j^UX)UT FRAME 


PARAMETRIC VA 


Parameters 

Power Output (MWe) 

Combustion 

Coal 

Oxidizer 

Combustor slag rejection (percent) 
Preheater 
Firing 

Oxidizer temperature |OF) 

MHO Generator 
Type 

Inlet pressure (atm) 

Average magnetic field IT) 

Potassium seed (percent) 

Electrical load parameter 
Heat Exchangers 
Gas (Ap/p) 

Air (Ap/p) 

Steam Bottoming Cycle 
Turbine inlet temperature l°F) 
Turbine inlet pressure (psil 
Maximum feedwater temperature (°Fi 
Air Bottoming Cycle 


Turbine inlet temperature (®FI 
Pressure ratio 
Heat Rejection (in. Hg) 


Actual Powerplant Output (MWei 


namic Efficiency (percent) 


Powerplant Efficiency (percent) 


Overall Energy Efficiency (percent) 


Coal Consumption (IbfkWh) 


Plant Capital Cost (t million) 


Plant Capital Cost l$/kWei 


Cost of Electricity. Capacity Factor • 0.65 


Capital (mills/kWh) 

Fuel (mills/kWhl 

Maintenance and operating (mills/kWhl 

Total (mills/kWhl 

Sensitivity 

CapKity factor • 0. 50 (total mills/kWh) 
CapKity »Ktor • 0.80 (total mill$/kWh) 
Capital A • 20 percent I Amills/kWh) 
Fuel A *20 percent! Amills/kWhl 
Estimated Time for Construction (years) 


Common Elements: Direct C 


189S U80 S99 1870 1867 1888 1888 Tl426 


Mont N.O. III. 



Li:: 1 


Base case 1. , 

Base case 1 configuration, redutm '(ower output. HT • 

Base case 2. m . 

' Dry cooling tower Mont • Montana 

' High terrperature N, o. • North Dakota 

***'"®'* WCT • Wet cooling tower * 

























Table 2.8-6 

lATIONS FOR TASK I STUDY (OPEN CYCLE MHD) 


fWLiJoU'l' t'UAiU 


I Combustion. Avco Combustcrs. and Refractory Storage HT Air Preheater 


Common Elements: SRC Fuel. Avco Combustor, 
and Refractory Storage HT Air Preheater 



S9.9 )6.1 

91.1 92. 

90.1 91.* 


l'’)8 1929 H99 nOl 1899 1899 1883 ISOl 18^0 1999 1889 Is32 1T9* 2009 l9lt 

93,T 50.2 4T.6 92.8 92.8 92.9 93.0 92.1 99.9 92.8 ■ 98.2 93.0 60.4 58.2 




1901 


55.0 

*».« 

90.4 


HIT 1152 1140 


1.2 

1.2 

T 

T 

199T 

199T 



IT»* 

2009 

1951 

193T 

1942 

93.0 

60.4 

98.2 

58.4 

t».» 


til, 9 

96.8 

56.9 

t’.i 

*0.2 

46.0 

**.3 

44,4 

**.» 

0.T» 

0.69 

O.Tl 

O.Tl 

O.Tl 

1TI> 

1883 

18T0 

H»2 

18T3 

lou 

939 

968 

996 

964 

>».i 

29. T 

30,6 

30.2 

30.5 

11.8 

10.4 

10.* 

10.8 

lO.I 



*9,1 44,1 

96, T 94.1 
3T.8 9T.9 


199T I 1699 I 1999 |2005 | 1999 1999 1999 1999 
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Table 2.8-7 


SUMMARY SHEET 

OPEN-CYCLE MHD BASE CASE 1 


CYCti PMAMHCR 

PoMf Ou^ iMWal 

\m 

CoinOuttiOA 

Ca« 

MlinoitNe. 6 

OnMitr 

Air 

CoMuttor tl<) rtiwlion Iptrunt) 


Pronaalar 

Finng 

Oiract 

OiMkm ttfliparalura 

2S00 

MHO Carwralor 

T!*t 

Faraday 

liUM pmsurt Itlml 

9 

Avtf^t fflagnptic <T> 

5 

PMndun mM iptfctflli 

1.0 

ElA.'tricjl lo« ppramltf 

0.B 

Hwl Cictuwn 

Gas l&p/p> 

0.1S 

Air lAp/pi 

0. 10 

Slaam lollomirtq Cycla 

Tur«ir>t inlat tamptralurt l<^i 

lOOOilQOO 

Turpint inlat pressurt Ip&ti 

ISOO 

Maiimui*) laaOiMitr (amparaturt 

2» 

Air lonomina Crcit 

TurtifM inift ttfflparalurt 

•* 

Prmura ratio 

•• 

Hail Rfiaction 

Wat cooling to 


MA)0» COMPOWtNT CM»IIACI»ISnCS 


Unit or Modult 


Maior Componant 

Siia iPl 

iW 1 L lor Di 1 HI 

Waight ilM 
U 1(^ 

Cost 
It 1 l(^ 

Units 

Roguirad 

total Cost 
i« 1 10^ 

SAA 

Output 

Combustor 

9 dia ■ V tong 

0 QSI 

s.oo 

1 

s.n 

264 

iitorriaiganarator'diMusaf 


2.9? 

7 90 

1 

7 90 

4 17 

Magnat and dawar 

41 dia 1 100 tong 

8.20 

44 00 

I 

44 00 

2122 

Radiant lurnaca 

n 1 60 1 100 

0 91 

) IS 

I 

J.15 

1 66 

Suparnaalar'ranaalar 

HiU Ti n 

9 M 

22 7? 

i 

22 72 

11 90 

Economirar 

K 1 » r ■ 7 4 

2.20 

1 64 

1 

1 64 

0 87 

Hign lamparalura ai' naalar 

M dia > 7S high 

4» 

207 

6 

12 4 

6 S4 

low-iamparatura air naatar 

H)i)6Si?96 

) M 

12 26 

1 

12 26 

6 47 

Saad racovary systam 



X) 

1 

8 00 

422 

Slaam lurpina-^anaralor sat 

Ml 174i2S 

4 S 

20ft 

1 

20 n 

10 » 

Invartars 

.. 

.. 

86 60 

, 

16 to 

IS 70 


WOtMMCt /mo COST 


TTMriMfirniiRtc tincioncy 

taMrpUnt iAIdtnqr iHfOtntI 

(Mrall tntr^ ofAcltncy Ipofeonti ^ ) 

Ptom o|IUl cDd 1$ 1 20M) 

Plint ci»Mal ooti ttfkWtt 

Cost of ilKlrktty imkliykWhl 

MTuiuM. msouncn 

Cool <i»iim> 


MHOlOf turtWht 

Total 0.22 

CoelinQ 0.22 

Procassing 0 

MMoup 0 

NO, wpprmioo 0 

Stack 9 as doaoup 0 

l»n6 lacrw/IODIPWti S.H 


DiVUOtiUCNTftl IWTtUSION 



ivxil-nu 


IMMK 




OufcuE 

«>2 

1.2 


0.1 iM‘< 

NO, 

0) 


0? iW* 

HC 

0 


0 

CO 

0 


0 

Particulilas 

0.1 

•tukWh 

OOtlO*' 

Hoattovalar 


I4U 


Hoal. total rtiactad 

uftwh 

36» 


toastas 



tfiiiiT 

Furnaca solids 

OOSH 


Fly ash 

0 006 


OZTil^ 


RE('R(,n Ot- XH{5 

Olil . ; 
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Table 2.8-8 


SUMMARY SHEET 

OPEN-CYCLE MHD BASE CASE 24 


c»cu»»tAMin> 


woiiMict<wiocos f 

ther-^oiy'naMK ffhcimy <p*rcfnti 

iltc«ncT 

Ot^rHi •rntn «Mto«nqi 
fl«nl c^iMl CMl tt I 
PIMM C*<UI CKt IMWft 
Co$l «t ««cclrKify ««MlvtWtw 

lUTUm. MSOUtCS 


MiPptraiurt ^ 


*«»•• »mw»* ‘I** 
n nr w « ♦*••4 

MiMvtw* MM vcntf# 
Cifctncal «•! »*r •*»«•* 

M^UcTMrfm 

Om iAr»* 


wn tf 

IflUl 


NO, vu*»mw*n 
suet «M CtMAg* 
l<n< MCffVWPWWx 


•fMl 9 muj*« 


twnwacnm iwwftKw 


imM COH»0>PH CW MMICn UtT 1^ 


HMI UW f.|«Ui 




S«M 


Sift-Nt 

Ha l<»f »■ ' 


^ r*«i llMn« 

I nt«t I'M a 
i>« IIODtt*/ 


flOa ?« Oa n « 


a»fil 0 n« 7 «7 


Table 2.8-9 (Page 1 of 3) 

CAPITAL COST DISTRIBUTIONS FOR OPEN-CYCLE MHD 


CASE NO. t 2 

Mkjo* components 


PNIME CTClE 


MHO eCN'OIFFUSEP 

MHf 

T.* 

3.2 

MAGNET 

MMt 

AA.O 

3A.0 

HIGM TEMp A|R preheater 

MMt 

12. A 

a.* 

loh Temp RiR preheater 

nn% 

12.3 

B.A 

SEED recovery SYSTEM 

HMft 

B.O 

A.O 

COMP H|Th steam turb drive 

MUf 

IS.A 

Il.T 

bottoming Cycle 




slagging boiler 

MHt 

3.1 

2.1 

steam boiler ISUPER-REMEAT 
•BOlL-ECONI 

MMf 

2*. A 

13.3 

steam turb-gen 

nn% 

20.1 

13.1 

AIR TuRB.COMB.GEN.CLEANUP 


0. 

0. 

primary heat Input and fuel system 



combustor system 

MMS 

2P.2 

IB.T 

SUB-TUTAl of major components 

MM( 

ITA.T 

123. A 

balance of Plant 




COOLING TOMER 

MM( 

i.2 

3.0 

DC TO AC inverters 

MM( 

• A. A 

AI.A 

ALL OTHER 

HMf 

33T.I 

330.3 

site labor 

MM( 

1TB. 0 

103.3 

sub-tutal of Balance of plant 

MMt 

•0«.« 

30a. A 

contingency 

MMf 

l«A.« 

12A.0 

escalation costs 

MM* 

3*3. T 

2IA.3 

interest during construction 

MM* 

313.1 

2AA.A 

total capital cost 

MM* 

20*0.3 

123*.* 

MAJOR components COST 

b/ehE 

*2.2 

lOA.T 

balance of plant 

S/AHE 

A2T.3 

A23.3 

CONTINGENCY 

t/EHE 

103.* 

lOA.B 

EKALATION COSTS 

t/AME 

201. B 

1*3.2 

interest DURINt CONSTRUCTION 

B/AHE 

2T0.T 

223. T 

TOTAL capital COST 

S/AHI 

1102.* 

lOA*.* 


3 

A 

3 

A 

T 

* 

* 

10 

3.3 

T.* 

7.* 

».* 

7.* 

7.* 

7.* 

7.* 

23.0 

A3.0 

**.o 

AS.O 

AS.O 

AS.O 

A2.0 

31.0 

3.3 

12. A 

12. A 

12. A 

12. A 

12.A 

0. 

lA.T 

3.0 

*.3 

10.0 

12.2 

12.2 

7,* 

1A.3 

27.0 

A.O 

2.0 

2.3 

*.o 

*.o 

*.o 

*.o 

*.0 

10.3 

12.* 

>2.* 

13. A 

13.A 

11.* 

11. A 

13.0 

1.3 

A.O 

3.* 

3.2 

3.2 

2. A 

*.* 

1*.* 

*.l 

*0.* 

*3.* 

2A.2 

2*. 2 

l*.l 

IA.3 

A. A 

11.3 

21.7 

n.A 

20.2 

1*.A 

2*. A 

2*. A 

21.2 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

*.A 

31.2 

A2.3 

2*. 2 

2*. 2 

23.0 

30.7 

2*.* 

*1.A 

1*3.2 

17*. 0 

173.7 

|7*.* 

lAA.l 

1*3.* 

1*0.* 


2.* 

*.2 

*.2 

*.2 

(.2 

*.2 

*.2 

*.2 

37.0 

7*.l 

»3.T 

BA. A 

*A.A 

Al.O 

*5.7 

103.0 

1*2.0 

3*1.3 

3**.* 

3*7.1 

3*7.1 

337.1 

3*2.1 

337.1 

*0.2 

1T*.T 

1*2.* 

17*. 0 

17*. 0 

1T*.0 

1**.0 

17*. 0 

2*2.0 

*03.2 

*1*.3 

*0*.* 

*0*.* 

7B*.3 

tb*.o 

*2*. 3 

72.7 

l**.l 

l**.3 

1*7.1 

1*7.0 

1*0.1 

1*0.0 

203.* 

I2A.* 

3*0.0 

3**.* 

3*A.l 

3*3.* 

3*2.0 

3*1.7 

*0*.* 

133.7 

303. A 

317.2 

313. A 

313.2 

**3.2 

***.* 

331.1 

71*. 7 

20*0.1 

2107.1 

20*2.* 

20*0.7 

2017.7 

20IA.3 

21*3.* 

13*. 2 

**.l 

7 *. 3 

*3.1 

*2.* 

IIA.3 

*3.3 

*3.7 

*71.0 

*30.7 

*37.1 

*2*.* 

*2*.* 

330.1 

3*3.7 

*13. A 

121.* 

103.* 

10A.3 

lo*.* 

to*.* 

1*3.3 

*3.* 

102.2 

20*.* 

20*. A 

213.* 

20*.* 

20*. A 

2*7.* 

1*1.7 

2C3.* 

23*. 7 

270.* 

2»T.O 

272.0 

271.7 

3*7.* 

2**. 3 

2*3.3 

1*3.* 

1101.* 

112*.* 

llOO.O 

1107.2 

1*13.2 

1012. A 

10*3.1 
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Table 2.8-9 (Page 2 of 3) 

CAPITAL COST DISTRIBUTIONS FOR OPEN-CYCLE MHD 


MkjO* components 
PN iMc crcLi 

CASI NO. 

II 

II 

IS 

1* 

IS 

1* 

IT 

IB 

1* 

10 

MMO SCN«0IFFUSCN 


T.B 

T.B 

T.* 

T.* 

T.* 

T.O 

T.* 

T.* 

T.* 

T.* 

NA«NCT 

m% 

AB.O 

Gl.O 

**.o 

SB.O 

•1.0 

11.0 

IS.O 

1*.0 

**.o 

SI.O 

MI«N ten* *1* PNEHEATER 

m% 

u.o 

U.O 

II.* 

11.* 

il.* 

II.* 

II.* 

11.* 

II.* 

11.* 

LON TEMP AlP preheater 


It.l 

11.0 

l.S 

11.0 

II. 1 

11. 1 

11. s 

Il.s 

11.1 

Il.s 

SEED recovery system 

MUs 

1.0 

S.o 

1.0 

*.o 

0.0 

0.0 

0.0 

B.O 

B.O 

B.O 

COMP m]Th steam turr drive 

tm% 

IS.R 

l«.G 

II.* 

IS.S 

IS.* 

IS.* 

11.* 

IS.* 

11.* 

IS.* 

■OTTOMiN« Cycle 

slamino roile* 

m% 

l.S 

l.T 

S.I 

1.* 

1.* 

*.* 

S.I 

S.I 

S.I 

S.O 

steam boiler (SUPER-REMEAT 
•ROIL'ECONI 

mn% 

tA.I 

IS.* 

11.5 

l*.l 

**.T 

IT.I 

15.0 

I5.B 

l*.l 

l*.l 

STEAM TURR.GEN 


IS.S 

11. 1 

11. 1 

1*.* 

*1.0 

11.1 

10. 1 

10.1 

10.1 

10.0 

AIR TuPR-C0M|.6FN-CLEANUP MMI 

primary meat input and fuel system 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

combustob system 

NNI 

SO.I 

10. 1 

I«.l 

1*.* 

**.l 

I*.l 

l*.l 

l*.l 

l*.l 

l*.l 

SUB.TOTAl of major components 

MRS 

1*0. * 

1*1.1 

|T*.l 

II*. 0 

1*1.* 

ITO.I 

ISS.I 

IS*.l 

IT*.* 

IBI.S 

balance of plant 

COULING TOVfP 

NNi 

S.E 

S.I 

I.I 

I.I 

0.1 

*.* 

(.1 

B.l 

B.l 

B.l 

DC TO AC |••^eRTERS 

MMt 

IO«.B 

lOT.l 

*«.l 

•S.I 

*1.1 

*S.T 

ta.t 

Tl.B 

• *.0 

• S.B 

ALL OTHER 

MRS 

SIT.I 

SIT.I 

SIT.I 

SIT.I 

SlT.l 

SIT.I 

SIT.I 

SIT.I 

SIT.I 

SIT.I 

SHE LABOR 

MMf 

ITB.O 

ITB.O 

ITB.O 

ITR.O 

ITB.O 

ITI.O 

ITB.O 

ITB.O 

ITB.O 

ITB.O 

bub>total of Balance of plant 

MR* 

lll.l 

lie.* 

T*I.* 

iOl.* 

OOA.S 

T|*.0 

• 00.0 

T*T.l 

•OT.S 

•0*.l 

contingency 

MR* 

lei.T 

10*. T 

1*1.1 

I**.S 

l**.0 

1*1.1 

1*1.1 

1*0. T 

!**.• 

l*B.l 

EKALATION costs 

MM* 

AOT.A 

*11.* 

111. 5 

*00.1 

l**.l 

Its.* 

1*1. • 

SBS.I 

SBS.S 

S*B.S 

interest during construction 

RMf 

StB.I 

SIS.* 

SOS.T 

Sl*.l 

SOS.* 

***.T 

**t.b 

***.• 

Sll.B 

SIB.T 

total capital cost 

MRS 

im.i 

IITS.S 

fOSI.S 

tllS.T 

o 

o 

o 

• 

o 

lOII.O 

O 

o 

• 

m 

o 

IIOS.I 

major components cost 

t/(HC 

*«.* 

*1.1 

100. 1 

*T.S 

*0.1 

100.0 

• I.B 

• l.S 

*1.* 

**.o 

balance of plant 

S/(HE 

All.l 

*00. T 

*s*.o 

*I*.S 

**•.! 

***.0 

*11.1 

*10.* 

*1B.B 

*11.* 

CONT|N«ENCT 

S/RME 

100. s 

«I.S 

lll.l 

101. 1 

lOT.I 

III.O 

100. • 

‘.00.* 

IO*.S 

10*. 1 

EKALATION COSTS 

S/RnE 

tOE.e 

IVB.I 

111.* 

lor.T 

ll*.* 

II*.* 

|0|.* 

101.1 

110. 1 

10*.* 

INTERkST during CONSTRUCTION 

t/RRE 

E*l.« 

IST.l 

IB*.* 

l**.l 

ISO.* 

1*1.* 

1*1.* 

1*1.1 

ITl.A 

ITI.O 

total capital COST 

B/RNE 

lOAT.I 

IO*B.S 

IIBI.I 

10*T,0 

II**. 1 

ll*T.l 

lOTO.O 

lOAT,* 

IIP*.B 

IIOT.l 
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CAPITAL COST DISTRIBUTIONS FOR OPEN-CYCLE MHD 


MJO" COWONCNtS 
Ml»«t CKl£ 

CASE NO. 

21 

22 

21 

24 

21 

24 

27 

2* 

24 

SO 

MHO 6EN«0I££U$(* 

MNS 

T.S 

T.R 

T.4 

T.4 

7.4 

7.4 

7.4 

7.4 

7.4 

7,4 

magmet 

MNS 

AA.O 

44.0 

44.0 

41.0 

11.0 

42.0 

42.0 

41.0 

47.0 

14.0 

HIGH TE**» AIR preheater 

MNft 

12.A 

SO.T 

12.4 

14.0 

12.1 

27.4 

14.0 

14.0 

14.0 

16.0 

LOM TEH* AIR PRFHEATE* 

MN| 

U.S 

40.0 

12.1 

lO.T 

10,1 

4.4 

>0.4 

10.4 

10.4 

10.6 

SEED recovery system 

MNt 

S.O 

S.O 

B.O 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

COMP M|Tm steam tumb drive 
B oiTOMiNG Cycle 


IS. A 

0. 

11.4 

IS.S 

>1.0 

11.1 

14.4 

>*.* 

14.4 

14.4 

slagging boiler 

MNS 

S.l 

0. 

S.l 

2.4 

1.1 

0. 

2.4 

2.4 

2.4 

2.4 

STEAM boiler ISUPER.REHCAT 
.BOIL'ECONI 

MNt 

24. S 

0. 

24.4 

21.0 

14.1 

IS.* 

21.0 

21.0 

21.0 

21.1 

steam TURB'GEN 

MNt 

20.1 

0. 

20.1 

12.4 

>4.1 

12,* 

11.1 

11.0 

14.4 

11.7 

AIR TuRB.COMB.GEN.CLEANUP mH( 

PRIMARY meat input AND FUEL SYSTEM 

0. 

121. 1 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

combustor system 

MMf 

2«.2 

21.2 

24.2 

4.4 

4.4 

4.4 

*.* 

*.* 

4.4 

4.4 

suB'Tutal of Major components 
balance of plant 

HMf 

1T*.« 

2*0. « 

|T4.» 

IS*. 2 

>21.7 

124.2 

1 14 . • 

117.7 

141.4 

114.1 

COULING TOMER 

HNS 

S.2 

I.S 

12.1 

*.2 

*.2 

*.2 

4.2 

R.2 

i.2 

*.2 

DC TO AC inverters 

MNf 

SS.T 

*4.4 

*4.4 

47.4 

»t.O 

It*.* 

100.4 

41.1 

47.1 

"7,» 

ALL OTHER 

MHt 

SST.l 

IS*. 2 

112.2 

474.4 

4 T 4.4 

474,4 

474.4 

474.4 

474.4 

471.4 

SHE LABOR 

MM$ 

|T*.0 

iTs.e 

1SS.1 

11R.1 

H*.1 

tlt .1 

H*.» 

114.1 

11*. 1 

114.1 

sub-total of Balance of plant 

MM* 

SOT.O 

*04.4 

• 14.4 

740,7 

7 I 4 .I 

717.4 

741.4 

714.4 

740,4 

741,1 

contingency 

MM* 

l«4.S 

21T.I 

202.4 

171.4 

14*.0 

177.4 

>74.1 

174.1 

174.4 

171.1 

escalation costs 

MM* 

SSS.4 

414.1 

• OT.Y 

111.2 

117.4 

114.1 

114.0 

110.4 

114.4 

111.4 

interest during construction 

MM* 

SI2.T 

141.1 

12*. 4 

41*. 0 

4I7.7 

4*2.2 

41*. 4 

*14.1 

*14,7 

414.2 

total capital cost 

MM* 

20SS.S 

2104.0 

2111.1 

IF^1,4 

17*1.1 

11 * 1.1 

1*44.* 

1 * 11 .* 

1*72.4 

1R1S.R 

MAJOR components COST 

*/(HE 

S4.4 

140.1 

42.1 

71.4 

M .7 

*4,1 

70.4 

71.1 

72.4 

70.1 

balance of plant 

S/RME 

411. * 

402.1 

444.1 

1*1.4 

407,2 

>7*.t 

1 * 1.1 

•74,1 

1 R 1.1 

1*4.2 

contingency 

t/RMF 

101.2 

to*. 4 

tOY.4 

41.0 

41.* 

• *.1 

41.2 

40.1 

40.1 

41.1 

escalation costs 

S/EMF 

211.1 

21*. 2 

211 .* 

1R2.4 

142.4 

177.* 

1 * 1.1 

1 ( 1.0 

1 * 2.1 

1*1.4 

interest during construction 

S/RME 

2TA.2 

2*2.4 

2T4.S 

217.1 

2*4.1 

210.4 

217.7 

214.7 

214.7 

217,7 

TOTAL capital COST 

S/RME 

HIT. 2 

1112 .* 

1140.2 

444.0 

1014.4 

414,4 

44*. 4 

414.2 

444./ 

44*. 7 
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Table 2.8-10 


POWER OUTPUT AND AUXILIARY POWER DEMAND 
FOR BASE CASE AND PARAMETRIC VARIATIONS: 
OPEN-CYCLE MHD 



CASE ' 

'0. 

1 

7 

9 

4 

9 

6 7 

8 

9 

10 

PRlNf CtCLF POnF» OUTPUT 


MW 1 

iaeo.o 

rbo.o 

**0.0 1 

1790,0 1 

1909.0 1 

1*70.0 1*70.0 1 

1000.0 1 

1779.0 1 

1900.0 

BOTTOHInO CrCLt POWER OUTPUT 



5S5.0 

J90.0 

10*. n 


690.0 

9*t.n 9*9.0 

• 96.0 

0*6.0 

979.0 

furnace power output 


MW 

0. 

0. 

0. 

0. 

0. 

0. 0. 

0. 

0. 

0. 

B*L*NCF of Pl»HT AUK, POWER REO'O. 

Mn 

AO.S 

79.1 

17. T 

*0.T 

*0.9 

*0.9 *0,9 

*0.9 

*0.9 

*0.9 

furnace AUK, PPwEP RE0»0, 


Hii 

IS.l 

9. A 

9.0 

16. A 

^9.9 

19.1 19.1 

17.9 

16.9 

19.1 

transformer losses 


Mw 

9.R 

6.7 

9.1 

9. A 

9, A 

9. A 9.0 

7.9 

10.* 

10.* 

INVERTER LOSSFS 


MW 

U.2 

R.« 

*.* 

17.9 

19.1 

1*.7 1*.7 

10,0 

17.9 

IS.O 

NET STKTIOM OUTPUT 


Mm 

IR9S.} 

11R0.7 

99R.F 

1A69.I 

1AA7.J 

19AA.* lAOA.* 

1*79.7 

1991.* 

199*.0 


CASE 

no. 

It 

17 

19 

1* 

19 

16 17 

10 

19 

70 

PRIME Cycle power output 


MW 

1T15.0 

1S90.0 

lOtO.O 

1*70,0 

1760.0 

1099.0 1*70.0 

1*70.0 

1*00.0 

1*90,0 

bottoming cycle power output 


mh 

lAS.O 

90A.0 

T99.C 

999.0 

617,0 

691.0 999.0 

999,0 

9*7.0 

991.0 

furnace power Output 


MW 

0. 

0. 

0. 

0. 

0. 

0. 0. 

0. 

0. 

0. 

BAiAnCE of PL*'.T *uk. power 

Rf 0 * 0 , 

, MW 

*0.9 

*0.9 

*0.9 

*0.9 

*0.9 

*0,9 *0,9 

*0.9 

*0.9 

*0.9 

furnace *UK. power REO'O. 


MW 

19.1 

19.1 

19.1 

19.1 

19.1 

19.1 19.1 

19.1 

19.1 

19.1 

transformer losses 


MW 

10.9 

10. • 

9.1 

10.0 

9 .* 

0.9 9.9 

9.9 

9.0 

9.9 

INVERTER LOSSES 


MW 

IT. 7 

1*.9 

10. • 

1*.T 

17.6 

11.0 U.7 

1*.7 

u.o 

1*,9 

NET STATION OUTPUT 


MW 

7016, T 

70TJ.1 

ITIT.S 

197A.7 

1799.* 

1700.6 1A9S.9 

1*99.9 

10*7.6 

1901.7 


CASE 

• 0. 

71 

77 

79 

7* 

79 

76 77 

70 

29 

90 

prime Cycle power output 


MW 

1J99.0 

1*70,0 

1*70.0 

1690.0 

1790. 0 

1910.0 1*90.0 

1660.0 

1670, 0 

1690.0 

bottoming cycle power output 


MW 

99*. 0 

697.0 

S9*,0 

99*. 0 

9A7.O 

ITO.O 999.0 

9*9.0 

9*9.0 

961.0 

furnace POwER output 


Mw 

0. 

C. 

0. 

0. 

0. 

0. 0, 

0. 

0. 

0. 

balance of PL*FT auk. power 

REO'D 

. Nw 

*0.9 

99. T 

*6.1 

*1.7 

*1.7 

*1.7 *1.7 

*1.7 

*1.7 

*1.7 

furnace auk. power RfO»0. 


Mw 

19.1 

19.1 

19.1 

*.6 

*.* 

*.6 *.6 

*.6 

*•6 

*.6 

TPANSFORMrC losses 


Mm 

9.T 

10.* 

9,9 

10.0 

9.1 

10.* 10,0 

10,0 

10. 1 

10.0 

Inverter losses 


Mw 

1 *.o 

1*.7 

1*,2 

16.9 

17.9 

19.1 16.9 

16.6 

16.7 

16.1 

NET STATION OUTPUT 


Mw 

1169. T 

1991.6 

IRAA.T 

1991.7 

1t9*,7 

700*. 7 19J0.7 

1996.6 

19*7.* 

1910.9 
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combustion over 0-90 percent (Cases 6, 7) , reduction in com- 
bustion pressure to simulate an approximately 25 percent decrease 
in electrical load (Cases 1, 8) , variations in air preheat tem- 
perature from 2000 F to 3100 F (1364 K to 1978 K) with corres- 
ponding changes in combustion pressure (Cases 1, 11, 13), vari’’- 
tions of electrical load parameter over the range 0.6-0.85 (Cases 
1, 14-16) , variations in average magnetic flux density in the 
generator over 5-7 tesla (Cases 1, 17, 18), a "diagonal" genera- 
tor connection (Case 19) , variations in potassium seeding frac- 
tion over 0.5-1. 5 percent (Cases 1, 20, 21), and heat rejection 
through dry cooling towers. 

The variations studied among systems using the semi— clean 
fuel are generally similar, but less extensive. Because the 
lower ash content of this fuel should peimit higher temperature 
operation of refractory storage heat exchangers, the maximum oxi- 
dizer preheat temperature studied here is 3600 F (2256 K) • 

DISCUSSION OF RESULTS 

A review of the results tabulated in the lower part of Table 
2.8-6 shows that for open-cycle MHD systems the estimated capital 
costs per Icilowatt power capacity are relatively insensitive to 
all variations studied except the fuel. Estimated capital costs 
for coal fired systems are within 1110 - 100 $/kWe and those for 
systems using the semi-clean fuel are within 955 ± 16 $/kWe. 

(An exception. Case 8, is only apparent because that system is 
operating below its capability.) These increments are well with- 
in the uncertainties that must be expected from estimates of ad- 
vanced systems, and are too small to discern reliable trends. 

The major components cost typically is under 10 percent of the 
total capital costs. Balance-of-Plant costs typically are about 
40 percent of the total costs. The remainder, about 50 percent, 
is composed of contingency, escalation, and interest. Thus even 
a 50 percent change in total equipment cost of the major compo- 
nents would cause only a 10 percent change in capital costs per 
kilowatt capacity. 

The overall efficiencies for coal burning plants range from 
43.4 to 52.8 percent. The variations in overall efficiencies are 
determined largely by changes in oxidizer preheat temperature 
(and combustion pressure) and the MHD generator efficiency, which 
is governed to a large extent by the electrical load pareuneter. 
Thus low electrical load parcuneter (Case 16) gives relatively 
poor efficiency, and high oxidizer preheat (Cases 11, 12) gives 
high efficiency. For the large unit sizes and high magnetic flux 
densities studied in Task I, changes in magnetic flux densities 
have little effect on overall efficiencies. 

Since the calculations in Table 2.8-6 were completed, it was 
discovered that a failure to account properly in the overall en- 
ergy balance for the energy required to dry the coal has resulted 
in significant errors in estimated efficiencies for Cases 4 and 
5, using Montana sub-bituminous and North Dakota coals, respec- 
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tively. For Case 4 the overall energy efficiency should 
duced^approximately one percentage point, and for ^ase 5 approxi 
mately two percentage points. The capital costs are correct as 

given. 

The capital cost of electrical inversion equipment, approxi- 
mately $60/kilowatt of inverted power, is an important ^^em among 
equipment costs. This charge could be reduced by ^ 

fLtOT of 2 by electrical redesign to reduce the number of inde 
pendent electric circuits (presently 50) , increase circuit volt 
ages and decrease circuit currents. 

The differences between plant and overall efficiencies for 
the coal burning systems are associated with the heat J-®®®®® 
generating from coal the LBtu gas used in seed 
lalculating plant efficiency, the systems are charged for the 
higher heating value of the gas used. In 

efficiencies, the systems are charged for the higher heating 
value of the coal from t’hich that gas is made. 

Estimates of total costs of electricity for almost all sys- 
tems studied, both coal fueled plants and those burning 
c!^ln fuei? fel? in the range 42 to 48 mills/kWh, about 50 per- 
cent above the corresponding estimates for ste^ its 

single exception. Case 8, is for a system running well ^®1°^ 
capacity and shows that operating procedures may have a large im 
pact on overall costs. 

The dominant factor in total cost of 
open-cycle MHD systems is the cost of invested capital. This 
conclusion holds even though substantial maintenance costs have 
been estimated for the major components (combustor, . 

generator-diffuser, radiant furnace, high temperature air heater) 
in contact with the highest temperatures of the gas flow. 

RECOI’!MENDED CASE 

Case 1, using coal fuel and air oxidizer, an exhaust fi^ed 
high- temperature air heater providing 2500 F air preheat, and a 
magnetic flux density averaging 5 tesla in the MHD generator is 
the recommended starting point for Task II conceptual design. 
This type of system exhibits good technical performance 
good prospects for possible future improvements. It also offers 
some fall-back positions such as the indirectly fired air heater 
or semi-clean fuel firing should technical problems prevent 
achievement of calculated performance for the system presently 
specified. 
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2.9 CLOSED-CYCLE INERT GAS MHD 

DESCRIPTION OF CYCLE 

The closed-cycle inert gas MHD system was conceived about 
fifteen years ago as a method through which the advantages of 
open-cycle MHD generation might be retained while its principal 
disadvantages, very high-temperature requirements and a very 
chemically active 'flow, could be ameliorated. 

In the closed-cycle system, as the name indicates, the MHD 
generator working fluid is circulated in a closed loop. The 
heat input to this working fluid must then be through an input 
heat exchanger rather than through combustion. Because it need 
not be the result of combustion, there is more flexibility in 
the choice of the generator working fluid, and it usually is 
chosen to be helium or argon with cesium rather than potassium 
seeding. 

The working fluid is, except for small molecular impurity 
levels, a mixture of atomic gases without rotational and vibra- 
tional modes that interact readily with thermal electrons. 
Therefore, it is possible in closed-cycle systems to maintain 
the conduction electrons in the flow at a higher temperature 
than the bulk gas and, since electron density tends to be gov- 
erned by electron temperature rather than gas temperature, to 
gain substantially higher electron density and electrical con- 
ductivity than would exist at the same temperature in a combus- 
tion gas flow. This process occurs automatically when some of 
the generated open-circuit voltage is used internally in the 
generator. 

Although the closed-cycle inert gas generators provide use- 
ful power conversion at lower peak temperatures (3000 F [1922 K] ) 
than open-cycle MHD (4500 F [2756 K] ) they still provide major 
technical challenges. The input heat exchanger remains a diffi- 
cult development because it works up to the highest temperature 
of the cycle. In addition, the working fluid must be kept free 
of contaminants in order to take advantage of nonequilibrium 
effects. The electrical stability of the flow in the generator 
poses problems because the gas is subject to electric fields ap- 
proaching breakdown conditions. Many of the materials problems, 
however, are simplified by the approximately 1500 F (833 K) reduc- 
tion in working fluid temperatures from those of open-cycle MHD. 

The design and cost estimation of the closed-cycle inert gas 
MHD systems has been a joint effort by General Electric, Foster 
Wheeler, and Bechtel. The principal items designed and costed by 
personnel from each of these companies were as follows: 

General Electric refractory storage input heat exchangers 

MHD nozzle/generator/diffuser 
superconducting magnet/Dewar (except Case 102; 

see below) 
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electrical inversion equipment 
steam turbine/compressor 
recuperative heat exchanger 
argon precoo'.er 

Foster Wheeler coal handling auxiliaries 

stecim generator except Cases 101, 

combustor system ^ 102; see below 

Bechtel site labor and materials 

cooling towers ^ except Case 101; 

balance of plant J see below 

In addition General Electric has performed the system integration 
function. 

Twenty-four different closed-cycle inert gas MHD systems 
have been studied during Task I: a topping cycle base case plus 

16 parametric variations and a parallel cycle base case plus 6 
parametric variations.* The first base case. Case 1, illustrated 
in Figure 2.9-1, is a topping cycle fueled by an "over-the- 
fence" seir.i-clean fuel derived from coal, in this case a solvent 
refined coal liquid. Case 2 is a larger plant, 1200 MWe nominal 
rather than 600 MWe. In both these systems, and in all the 
others studied here, except a variation of Case 102, the fuel is 
burned in an atmospheric pressure furnace and the combustion 
gases ducted to the refractory storage heat exchcingers that 
transfer the input energy to the argon flow used as working fluid 
for the MHD generator. Cases 4 through 6 utilize Intermediate-Btu 
gas fuels, also "over-the-fence" fuels, made from Illinois #6, 
Montana sub-bituminous and North Dakota Lignite coals, respec- 
tively. Cases 7 through 14 consider changes in peak temperatures 
and pressures, in magnetic flux densities in the MHD generators, 
and in the machine efficiency (turbine effectiveness) of the 
MHD nozzle/generator /diffuser combination. Case 15 is a system 
using dry cooling towers for heat rejection. Case 101 is a 
direct coal-fueled variation using a larger refractory storage 
heat exchanger with a checker matrix of 1 in. x 1 in. holes for 
gas flow. Case 102 is a larger, more efficient and less expensive 
direct coal fueled system. Both cases 101 and 102 require stack 
gas-cleanup equipment that is not needed for the other variations 
on the first base case. 

Neither Case 101 nor 102 was among those originally se- 
lected for Task I analysis. Case 101 was added after the pre- 
liminary analyses had shown that the achievement of overall 
energy efficiencies exceeding 40 percent in closed-cycle inert 
gas MHD would require both direct coal firing and combustion gas 
pressure drops in the input heat exchangers below the large 
values originally selected. Case 101 has those features. Case 

*The principal design parameters of all cases studied in Task I 
are listed in Table 2.9-5. 
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Figure 2.9-1. Closed-Cycle Inert MHD Topping Cycle 












102 was added after completion of Task I in order to permit 
studies of the effects on overall system performance of improved 
MHD generator efficiency, increased generator inlet temperature, 
higher magnetic flux density, reduced pressure losses in the 
argon loop, and better stecim cycle integration. This case fea- 
tures direct coal fueling (at atmospheric pressure) , a "turbine 
effectiveness" of 0.78, and compact MHD generator and diffuser 
erected for vertical down-flow of the seeded argon working fluid 
through the generator. This arrangement permits a more compact 
layout for the entire system and reduced capital costs. Case 
102 also uses a simplified steam cycle. In addition, a paramet- 
ric variation of Case 102 has been studied in order to illustrate 
the effects of pressurized combustion and reduced sizes of MHD 
generators and diffusers on system capital costs. The cost 
achievements are the combustors, input heat exchangers, and com- 
bustion gas ducts. 

Because of time pressures, the costing of on-site labor and 
materials, cooling towers, and balance of plant for Case 101 has 
not been done by Bechtel, but has been done at General Electric 
in the Systems and Plant Integration Team by combining with in- 
cremental adjustments portions of the Bechtel estimates for Cases 
1 and 16. Similarly, the estimation of furnace performance and 
costs for Case 101 has not been done by Foster Wheeler, but has 
been done at General Electric by incremental adjustment of the 
Foster Wheeler estimate for Case 16. 

For Case 102, furnace design, performance and costs have been 
estimated at General Electric by adjustment of Foster Wheeler esti- 
mates for Case 16. The superconducting magnet and Dewar for Case 102 
have been designed and costed at Intermagnetics General Corporation. 

In all other respects, and for all other cases, design and 
cost estimation has been done as indicated in the preceding table. 

In these topping cycles, the MHD nozzle/generator/diffuser 
operates as an equivalent gas turbine-generator of a simple 
Brayton cycle. The MHD nozzle/generator/diffuser channel con- 
sists of a convergent -divergent accelerating nozzle, MHD gen- 
erator, supersonic diffuser, transition section, and subsonic 
diffuser. For the base case, the generator inlet conditions are 
argon at 3000 F (1922 K) and 10 atm with 0.15 percent cesium 
injected upstreeim of the generator. 

In any design, the generator exit conditions should be kept 
within the constraints of system design flexibility as well as 
efficiency. For example, it is desirable to have sufficient 
steam turbine shaft power to drive the compressors, and the 
pressure ratios across the MHD generators have been chosen suffi- 
ciently low to make that balance possible. With a "turbine 
effectiveness" of the nozzle/MHD generator/diffuser combination 
of 0.7 and a peak temperature of 3000 F (1922 K) , as in Case 1, 
this constraint permits performance near the optimum, but with a 
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turbine effectiveness of 0.8 this constraint imposes a signifi- 
cant penalty, approximately one percentage point, on overall sys- 
tem efficiency. 


generator-diffuser exit gases serve to supply energy for 
the bottoming steam cycle. The specific steam bottoming cycle 

al^lratS^Pv^f energy can be extracted from the MHD 

generator exit gases. To achieve a highly efficient steam plant, 

heated by extracted steam in condensing 
feedwater heaters. Feedwater temperature of 510 F (539 K) oro- 
duces approximately 45 percent steam cycle efficiency. The use 
amounts of thermal regeneration within the steam cycle 
and the consequent high final feedwater temperature, however, 
do not permit the MHD working fluid to be cooled to low temp4ra- 
ture by the feedwater, but result in waste of heat from the^ 

steam system employing a lower final feedwater 
^ ^ ^ ^ Somewhat degraded steam cycle 

percent) permits more energy to be transferred 
to the feedwater from the MHD exhaust and typically results in a 

here ««icLnt syst^ studied 

I Case 102, uses a steam cycle with a final feedwater tem- 

Ca?ing! ^ ^ regenerative feedwater 

case. Case 1, the argon transfers heat to the 
reeawater and steam to a gas temperature of 262 F (401 Kl Pr-oTn 
262 F (401 K) to 79 F (299 K) , tL gas is LolL in a prUooIer 

^ cooling tower. Almost all of the 0.15 
cesium seed will condense in the steam boiler-feedwater 
section. About 70 percent of the cesium condenses when 
temperature is reduced from 600 F (589 K) to 450 F 
. remaining cesium, an additional 9 5 percent is 
to of the argon temperature from 450 F (506 K) 

r.om K) resulting in a net residual cesium content of 

nnmSoH* ^^«^?o^^fnsed cesium is collected into a reservoir, 

? filter, and re-injected upstream of the 
MHD generator channel. 

argon is compressed and the high-pressure 
argon IS fed back into the refractory storage heat exchanger. 

No intercooling stages are used for the base case MHD steam 
topping plant. The utilization of intercooling stages results 
in less effective utilization of waste heat and results in a 
reduction of overall efficiency. 

refractory storage heater array transfers the heat from 

in 9 ases to the high pressure argon, 

n the design of the regenerative heat exchanger system, the 
following factors are significant: 

1. Pressure drop in the combustion gas flow and the cor- 
responding air compressor power. 
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2. Maximum ceramic temperature and combustion gas tempera- 
ture determined from passage dimensions and height of 
exchanger. Both pressure drop and potential ash clogging 
of passages require that a minimum size passage be ex- 
ceeded. 

3. The heat exchanger matrix should be of sufficient heat 
capacity to minimize temperature fluctuations during the 
exchange cycles. As the matrix size is determined by 
heat transfer limitations, the heat capacity is more 
than adequate for the cycling utilized here. 

4. Residual combustion gas impurities must be removed be- 
fore the argon blowdown cycle. 

5. The argon must be recovered before the heat exchanger 
matrix is reheated. 

To meet all of these requirements and produce a continuous 
exchange of energy, multiple heat exchangers are required. A 
typical heat exchanger matrix that can be used for the base case 
MHD steam topping plant consists of eight heat exchangers plus a 
network of valves and ducting. No spare units have been in- 
cluded in these Task I designs. 

The cycling of these heat exchangers is shown schematically 
in Figure 2.9-2. To minimize air compressor power, four heat 
exchangers are simultaneously heated by the combustion gases. 

Two heat exchangers are simultaneously cooled by the high-pres- 
sure argon. During the cycle one heat exchanger always has the 
residual exhaust gases being removed by a vacuum system and 
another heat exchanger has the residual argon being removed and 
returned to the compressor inlet after purification. Part of the 
main stream argon flow is diverted after the compressor entrance 
stage and recirculated through the argon purification loop back 
to the compressor inlet. 

Heat is recovered from the high-temperature combustion 
gases which exit the refractory storage heat exchanger matrix to 
pre-heat the air leaving the air blower and entering the com- 
bustor. 

The second base case, Case 16, is a system with the recuper- 
ative MHD Brayton cycle operating in parallel with a steam plant, 
as shown schematically in Figure 2.9-3. For this system, the only 
coupling between MHD cycle and steam cycle is the refractory 
storage heat exchanger in which the exhaust combustion gases 
from the reheat phase are utilized by the steam cycle boiler. 

As the overall efficiency of the parallel cycle is the weighted 
average of the MHD cycle and the steam cycle, there is a large 
incentive uo maximize the efficiency of each cycle. This is 
less true, for the MHD topping plant where reductions in the 
steam cycle efficiency resulted in a greater overall efficiency 
because of the close coupling between the MHD and steam cycles. 
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Figure 2.9-2. Heat Exchanger Cycling Sequence 


To maximize the efficiency of the MHD cycle » two compressor 
intercooling stages are utilized. To reduce cost, the 85 percent 
effective recuperator utilizes six regenerative ceramic heat 
exchangers whose operation is similar to the heat exchangers 
transferring the energy from the combustion gases. To reduce 
pressure drop, four regenerators are simultaneously heated up by 
the low-pressure, high -temperature argon leaving the MHD 
generator-diffuser and two regenerators are simultaneously 
cooled by the high-pressure, low- temperature argon leaving the 
compressor . 

regenerative heat exchanger, in the base case, accepts 
the combustion gases from direct coal firing which exit the ex- 
changer between 1900 F and 2000 F. The latter temperature is 
above the softening point of ash of some coals. The same number 
of heat exchangers and same cycling arrangement are utilized for 
the parallel cycle as for the MHD topping cycle. Because the 
bottom of the parallel cycle heat exchanger is at about 2000 F, 
the problem of support of the weight of the heat exchange matrix 
is more difficult than in the heat exchangers of Case 1. 

Tiie combustion gases exhausted from the refractory storage 
heat exchangers are cooled in the steam boiler to a temperature 
of 540 F (556 K) , 30 F (17 K) above the final feedwater tempera- 
ture. The exhaust gases then flow to the combustion air pre- 
heater, where they are coolea to stack temperature. 
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Figure 2.9-3. Closed-Cycle Inert Gas MHD— Parallel Cycle 












Case 3 is a low power (100 MWe nominal) stand-alone MHD 
plant using recuperative heat exchangers rather than a steam 
bottoming cycle. Although it is listed here among the topping 
cycles, it actually bears greater similarity to the MHD section 
of the parallel cycles. 

For both topping and parallel cycles, the principal varia- 
tions involve changes in power levels (Cases 2, 3), in fuels 
(Cases 4“€, 17, and 18), peak temperatures (Cases 8-11) or MHD 
generator/diffuser outlet temperature (Case 19) , MHD generator 
"turbine effectiveness coefficients" (Cases 12-14, 21) and magnet 
flux densities (Cases 7, 10, 20). Dry cooling towers also are 
included as alternate heat rejection apparatus (Cases 3, 15, 22). 
Case 101 provides a coal-fired topping cycle with low combustion 
gas pressure drop in the input heat exchangers. Case 102 pro- 
vides a coal fired topping cycle with low combustion gas pres- 
sure drop, higher MHD generator "turbine effectiveness coeffic- 
ient", a compact MHD generator/diffuser, and a simplified and 
less expensive steam cycle. 

ANALYTICAL- PROCEDURE AND DESIGN ASSUMPTIONS 

The cycle calculations consider the MHD system as a Brayton 
cycle with the combined equivalent turbine-generator efficiency 
represented by the MHD nozzle/generator/diffuser efficiency 
(turbine effectiveness) . The range of generator-diffuser effic- 
iencies is from 0.60 to 0.80 with the base case using a nominal 
value of 0.70. 

Ill the cycle computations the following addition assumptions 
are made: 

• Ratio of electrical output of transformer to steam 
turbine shaft output is 0.985 

• Ratio of electrical output of transformer to MHD gen- 
erator electrical output is 0.985 

• Ducting, MHD generator and heat exchanger thermal 
losses are neglected. 

The design pressure drops have been specified as design 
parameters for the principal heat exchangers. Additional allow- 
ances for pressure losses in ducting bring the total Ap/p around 
the argon loop to values in the range of 0.15-0.20 except for 
cases 101 (0.12) and 102 (0.10). The principal characteristics 
of the refractory storage heat exchangers used to transfer heat 
from combustion gases to argon and for argon-argon recuperators 
are given in Table 2.9-1. All systems fueled by SRC or IBtu gas 
except Case 3, i.e., Cases 1, 2 and 4 through 15 use heat ex- 
changers with 1/4-in., diameter gas passages. The systems fueled 
by coal directly, Cases 101, 102, 3, and 16 through 22, use 
1 in. x 1 in. square gas passages in the input heat exchangers. 
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The argon-argon recuperators for Cases 3 and 16 through 22 also | 

use 1 in. x 1 in. square passages. | 

j 

The pressure ratios for the MHD nozzle/generator/diffuser i 

train are limited to values that permit steam turbine drives for j 

I the argon compressors. Most of the topping cycles are so 

I balanced that the argon compressor absorbs all the steam turbine 

I power. The remaining topping cycles, Cases 8, 9, 13 and 14, 

I have small turbine driven a-c generators that could be eliminated 

I with little effect on overall system performance by selecting 

! somewhat higher MHD pressure ratios. 

The designs and performances of the combustor systems and 
I the steam generators are described in Section 6. The argon com- 

{ pressors are axial flow machines and correspond in inlet volu- 

^ metric flow to two of the larger gas turbine compressors that 

fc are now commercially available. The steam bottoming cycles used 

J are conventional 3500/1000/1000 single reheat supercritical cycles 

J with final feedwater temperatures of 99 F (311 K) for Qase No. 

102, 232 F (384 K) for all topping cycles except Case 102, and 
I 510 F (539 K) for all parallel cycles, corresponding to cycle 

I efficiencies (ratio of a-c electrical power out to the thermal 

i power transferred to the steam) of approximately 0.388, 0.40 

I and 0.45, respectively. The actual heat rates for the turbine 

i designs selected were calculated for each case. Because the 

efficiency of the a-c electrical generators is taken at 0.985, 
the ratios of turbine shaft power to stecim thermal power are 
obtained by dividing the steam turbine efficiencies by 0.985. 

Those are the ratios of main interest for the balamced systems 

in which the steam turbines drive compressors only. In any 

case, a requirement for 1 MW of compressor shaft power causes a 

loss of only 0.985 MW of a-c electrical output at the generator , 

terminals. 

The designs of the inversion equipment are based on com- 
mercial experience with d-c links and are described in Appendix 

A. , 


The closed-cycle MHD gas heating system is similar to the 
preheat system used in steel blast furnaces. In the steel in- 
dustry, ceramic heat exchangers have been used for over a 
century. Their heat source is the low-Btu gas exhaust of the 
blast furnace, which has a dust loading of 5 to as high as 50 
grains per standard cubic foot of gas (7000 grains = 1 pound) . 
Currently this dust level is reduced in a series of scrubbers to 
about 0.005 grains/ft^ prior to firing the stoves. Three or 
four stoves are cycled over 1 1/2-hour periods to produce hot 
air at about 2,000 F (1367 K) . High hot air blast temperatures 
reduce the efficiency of the iron ore reduction in the blast fur- 
nace. Until about 1936, no gas cleanup was used and once a 
month a stove had to be cooled down and cleaned. This practice 
limited its life expectancy. During the next two decades, the 
dust loading was reduced to 0.2 grains/ft^ and the gas passage 
size in the stoves was reduced from 4 1/2 in. square to 2 in. 
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square. The stoves were cleaned every two years, the top few 
feet of the 100-ft high cereunic matrix was replaced, and the 
life expectancy of a stove was 15 to 20 years. Currently, the 
gas is cleaned to a 0.005 grain/ft^ dust level and the gas 
passages are 1 in. square (smaller sizes cause alignment 
problems) . 

The most severe operating conditions for a closed-cycle 
MHD heat exchanger would be in the direct coal fired application. 

If direct coal firing were used in the 600 MWe or 1200 MWe de- 
signs with 90 percent ash removed from the combustor, then the 
ash concentration in the combustion gases would be 0.3 grains/ft^. 
In the 600 MWe designs and the designs of cases 16 to 22, four 
heat exchangers are simultaneously heated up by the combustion 
gases. With the above ash loading, a heat exchanger with 1 in. 
square holes would be completely filled up with ash in 3000 
hours, in the unlikely event that all the ash deposited in the 
heat exchanger. Systems using direct coal firing need periodic 
cleanup, which is assumed here to be done during scheduled shut- 
downs, approximately once a year. 

The effect of variation of pareimeters on the regenerative 
heat exchanger design is illustrated in Table 2.9-1. It is 
assumed, based on experience in the steel industry, that a 1 in. 
by 1 in. checkerboard matrix is adequate for operation with the 
coal combustion gases for Cases 101, 102, and 16 through 22. If 
eight heat exchangers are cycled as shown in Figure 2.9-2, then a 
matrix 26 ft dicuneter by 70 ft high can transfer the heat to the 
argon for Case 1 with a mcucimum matrix temperature of about 3250 F 
(2061 K) , permitting the use of alumina. If the passage dimensions 
were to be increased as for the 2 in. by 2 in. checkerboard matrix, 
the size, cost and maximum temperature would increase. In this 
case, the utilization of more expensive ceramics such as zirconia 
in the upper portion of the matrix would be required. 

If the matrix passage dimensions are reduced, on the other 
hand, as for the case of 1/4-in. diameter holes, significant 
reductions in size and cost can occur. However, that requires 
relatively clean gas and a major extension from current steel 
industry practice. 

The internal support of the heat exchanger matrix for the 
MHD closed- cycle topping cycles appears to offer no major prob- 
lems. The combustion gas exit temperature is about 1000 F 
(811 K) and steels have good strength properties in this range. 

For the parallel cycle, support of the heat exchanger matrix is 
a problem as the combustion gas exit temperature is about 2000 F 
(1367 K) and there is a much more limited range of structural 
materials compatible with the combustion gases. The strengths 
of the superalloys are marginal at this temperature and among 
commercial alloys only 22H or Mo-Re appear useful. 
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Cases 

Heat Exchanger Cycle 

Nominal 

Heat 

Input 

Ceramic 

Matrix 

Passage 

High Te.- 
Gas" 

16-22, 101 

8 Heat Exchangers 

4 in Reheat (20 minutes) 

1 in Purge (5 minutes) 

2 in Blowdown (10 minutes) 

1 in Argon recovery (5 minutes) 

4. 5 X 1q 9 
(Btu/hr) 

1" X 1" 
51% void 

3253 
1. 13f 

-- 

Same as above 

4.5 X 10® 
(Btu/hr) 

2" X 2" 
51% void 

3434 . 
1. 1 a 

1,4-8, 12-15 

Same as abov^ 

4. 5 X 10® 
(Btu/hr) 

1/4" Dia. holes 
45% void 

3200 
1.3 a 

9-11 

Same as above 

4. 5 X 10® 
(Btu/hr) 

1/4" Dia. holes 
45% void 

3800 
1. 36 

3 

Same as above 

0.8 X 10® 

(Btu/hr) 

1" X 1" 
51% void 

3253 
1. 11 


6 Heat Exchangers 

2 in Reheat (10 minutes) 

1 in Purge (5 minutes) 

2 in Blowdown (10 minutes) 

1 in Argon recovery (5 minutes) 

4. 5 X 10^ 
(Btu/hr) 

2" X 2" 
5l7o void 

3460 
1. 33 

2 

1 1 Heat Exchangers 

6 in Reneat (30 minutes) 

1 in Purge (5 minutes) 

3 in Blowdown (15 minutes) 

1 in Argon recovery (5 minutes) 

9 X lo” 
(Btu/hr) 

1/4" Dia. holes 
45% void 

3200 
1.3 a 


Steel Industry Practice 

4 Heat exchangers with external 
combustion chamber: 1 hr 
blast, 1/2 hr reheat 

1. 5 X 109 
(Btu/hr) 

1" X 1" 
Checker- 
board 

>^000 

102 

14 Heat Exchangers 

8 in Reheat (40 minutes) 

1 in Purge (5 minutes) 

4 in Blowdown (20 minutes) 

1 in Argon recovery (5 minutes) 

6. i X 10® 
(Btu/hr) 

1" X 1" 
35% void 

1 

3400 , 

i 

16-22 

(Recuperators) 

6 Heat Exchangers 

4 in Reheat (20 minutes) 

2 in Blowdown (10 minutes) 

4.8 X 10® 
(Btu/hr) 

1" X 1" 
51% void 

2000 
2. 65 

3 

(Recuperators) 

Same as above 

0. 7 X 10® 
(Btu/nr) 

1" X 1" 
51% void 

1800 

. 
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ible 2.9-1 

,T EXCHANGERS FOR CLOSED-CYCLE 
IAS MHD SYSTEMS 


JPOLLOUT FRAM* ^ 



ninal 

mperature 
, Inlet 

Maximum 

Ceramic 

Temperature 

Matrix 

Dimensions 

Overall 

Dimensions 

Weight (lb) 
per Exchanger 

Material 
Costs per 
Exchanger 

Total Material 
Cost ($106) 


F 

3100 F 

26 ft Dia. 

30 ft Dia. 

5,013.000 lbs 

$4,432, 000 

35.5 


i atm 


70 ft Height 

93 ft Height 




• 

F 

3260 F 

26 ft Dia. 

30 ft Dia 

6. 580, 000 lbs 

$5,856,000 

46.9 


tm 


94 ft Height 

117 ft Height 





F 

3100 F 

24 ft Dia. 

28 ft Dia. 

2,268,000 lbs 

$2,008,000 

16. 1 


tm 


25 ft Height 

43 ft Height 





F 

3900 F 

24 ft Dia. 

28 ft Dia. 

2,930,000 lbs 

$7,567, 000 

60.5 


atm 


25 ft Height 

43 ft Height 




i 

F 

3100 F 

146 ft Dia. 

16. 5 ft Dia. 

631,000 

$ 541,000 

4.33 

■' 

atm 


49 ft Height 

60 ft Height 





F 

3260 F 

26 ft Dia. 

30 ft Dia. 

6, 580,000 

$5,856,000 

35.2 


atm 


94 ft Height 

117 ft Height 





F 

3100 F 

24 ft Dia. 

28 ft Dia. 

2,268,000 

$2,008,000 

22. 1 


tm 


25 ft Height 

43 ft Height 





P 

2822 F 


28 1/2 ft Dia. 





r 

1 

j 

i 



140 ft Height 





■ 

1 

IF 

3200 F 

21 ft Dia. 

24 ft Dia. 

3,724,000 

$3, 323, 000 

46.5 


1 


60 ft Height 

90 ft Height 




1 

■ 

f 







1 

rF 

1830 F 

26 ft Dia. 

30 ft Dia. 

4, 710,000 

$3, 700,000 

22. 2 

i 

atm 


61 ft Height 

84 ft Height 




1 


1700 F 

13 ft Dia. 

16 ft Dia. 

1,595,000 

$1, 184,000 

7. 10 

f 



71 ft Height 

86 ft Height 





















Another possible problem at high tciaperatures is self- 
support of the ceramic heat exchanger matrix. Multiple regener- 
ative heat exchangers of maximum matrix heights of about two- 
thirds of that utilized in the steel industry (see Tabic 2.9-1) 
are considered for the MHD closed-cycle system. For the maxi- 
mum argon temperatures of the base cases (3000 F [1992 K] , the 
matrix support should present no problem with the maximum tem- 
peratures not much higher than that in the steel industry. For 
the higher temperature cases (3500 F [ 2200 K] and above ) , the 
problem of matrix creep stress limitations needs further evalua- 
tion. 


The recuperators utilize a multiple regenerative heat ex- 
changer reheat and blowdown cycle similar to the combustion gas 
heat exchangers. The use of metal recuperators is both too 
costly and too marginal in stress performance in event of 
transients resulting from removal of electrical load. However, 
the use of ceramic regenerative recuperators operating at a 
maximum temperature about 1000 F (556 K) less than the combustion 
gas regenerative heat exchangers should present few material 
problems of any significance. 

The cesium inventory is assumed to be sufficient to be con- 
tinually supplied to the MHD cycle for a period of 20 minutes 
v^ithout recycle. The total transit time of the argon within the 
MHD loop is less than one minute. 

Both argon cleanup and cesium cleanup are needed. The 
purity considerations are illustrated in the schematic of iigure 
2.9-4. The argon purification process can utilize charcoal bed 
purifier, cryogenic combustion product impurity removal or com- 
binations of the charcoal and cryogenic purifiers. The cesixm 
purification probably would be a combination of mechanical fil- 
tration and chemical reduction of carbonates, sulfates, hydrox- 
ides, oxides, and carbonyls formed by reactions between cesium 
and impurities in the argon as the argon flow is cooled during 
passage through the MHD generator and steam generator. An 
alternate possibility is the use of a small fraction of sodium 
in the cesi m to getter inipurities . Neither the argon cleanup 
system nor -,ie cesium cleanup is well defined at this time. 

They are not expected, however, to have major impacts on either 
costs or technical feasibility. 


The heat exchangers, valves, pumps and blowers required for 
pumping and argon reclamation from the input heat exchangers 
have been identified and costed as conventional equipment in the 
balance of plant. The corresponding power requirements are in- 
cluded in balance-of -plant auxiliary powers. 

The MHD generator-diffuser size characteristics for Cases 1 
and 102 are show:) in Table 2.9-2. For all other cases, the gen- 
erator-diffuser is scaled on the basis of fixed inlet flow rate 
per unit area from that for Case 1. In the design it is assumed 
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Table 2.9-2 


MHD GENERATOR SIZES FOR CASES 1 AND 102 


Dimensions 

Component 


length 

-(ft) 


Cross-Section 

(ft X 

ft) 



Case 1 ' 

Case 102 


Case 1 

Case 

102 

• Nozzle 


13.5' 

10.1 

Inlet 

9.75 X 9.75 

5.02 X 

5.02 

• Generator 

50 

33.5 

Inlet 

5.25 X 5.25 

5.02 X 

5.02 

• Diffuser 








Section 

1 

22 

21.7 

Inlet 

11.75 X 11.75 

10.86 

X 10.86 

Section 

2 

52.5 

32.6 

Inlet 

11.25 X 11.25 

10.40 

X 10.40 

Section 

3 

105 

10.9 

Inlet 

11.25 X 11.25 

10.40 

X 10.40 





Exit 

21.75 X 21.75 

22.21 

X 22.21 


Construction 


Insulation and Structure 

2-in. ceramic foam insulation 
1-in. fiberfrax 
1 1/2-in. steel 

Electrodes 

rod diameter = 1/4 in. 

thickness = 0.2 in. 

area = 50 percent face 

that 50 percent of two faces of the generator channel consist of 

electrodes. Even though the average magnetic field for all cases 
except Case 102 with 10 atmosphere inlet pressure is 3T, the 
field will vary from a maximum of 5T down to a minimum of 1.25T 
over the generator length. The cases with 20 atmosphere inlet 
pressure require higher fields (average 6T) . The overall lengths 
and weights of all the nozzle/generator/diffuser trains are given 
in Table 2.9-3 together with the argon and cesium inventories. 

COST ANALYSIS 

The major components, in the case of factory constructed 
items, or the partially fabricated materials from which they are 
made, in the case of field constructed items, are costed as 


/ 
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' delivered to the construction site. Where possible, cost esti- 

i mates are based on quotations or budgetary estimates made in 

accordance with commercial practice. The costs of field erection 
[ or construction, including both labor and construction materials, y 

are included in balance-of -plant estimates of the architect/ 
engineer. 

Table 2.9-1 gives the figures used to estimate the costs of 
the parts delivered to the construction site for the refractory 
storage heat exchangers, MHD train, and superconducting magnet. 

RESULTS 

The principal design parameters and results of the perform- 
ance calculations for all 24 cases studied here are included in 
Table 2.9-5. Tables 2.9-1, 2.9-2, 2.9-3, and 2.9-4 give size, 
weight and cost information on the MHD nozzle/generator/diffuser 
trains and the refractory storage heat exchangers . Tables 
2.9-6 and 2.9-7 summarize for the two base cases studied, the 
semi-clean fuel fired topping cycle-Case 1, and the direct coal 
fired parallel cycle-Case 16, the performance and cost, charac- 
teristics of major components, consumption of natural resources 
\ I and environmental intrusion. Table 2.9-8 gives calculated cost 

' : distributions for all cycles studied. Table 2.9-9 lists power 

I outputs and auxiliary power demands for all systems studied in 

Task I. 

DISCUSSION OF RESULTS 

A review of the results tabulated in the lower part of 
Table 2.9-5 shows that the calculated total cost of electricity 
runs near 60-65 mills/kWh for the SRC fueled topping cycles and 
near 70-75 mills/kWh for the coal fueled parallel cycles, 
approximately 2 to 2.5 times electricity costs from advanced 
steam cycles. For the SRC fueled topping cycles, capital costs 
are in the range 1350 + 60 $/kWe except for the cases 9 through 
11 using higher generator inlet temperatures and more expensive , • 

input heat exchangers, which have capital costs of 1516-1535 
$/kWe. Capital costs for the coal fueled parallel cycles are 
still higher, mainly because of increased balance of plant. 

The SRC fueled low power recuperative MHD system. Case 3, \ 

has electricity costs and capital costs of 80 mills/kW-hr and \ 

1825 $/kWe. The coal fired topping cycle. Case 101, has elec- 
tricity costs and capital costs of 62 mills/kWh and 1551 $/kWe. 

The other coal-fired topping system. Case 102, with its higher 

efficiency and more compact plant, has electricity costs of 46 

mills/kWh and 1109 $/kWe. In all cases capital costs are the 

dominant factor in costs of electricity. Typically, contingency 

escalation and interest provide about 50% of total capital » 

costs, the balance of plant provides 35-40 percent, and the 

major components 10-15 percent. 
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Table 2.9-3 


SIZE AND WEIGHT-MHD GENERATOR-DIFFUSER & FLUID INVENTORY 


Overall 

Length 

(ft) 

Maximum 

Width 

(ft) 

Total 
Weight 
(Million lb) 

Argon 

Inventory 

(SCF) 

Cesiiim 

Inventory* 

(lb) 

243 

21.75 

(square) 

1.4 

750,000 

8,000 

341 

30.75 

2.8 

1,000,000 

16,000 

131 

12.8 

0.82 

250,000 

2,500 

165 

16.4 

.95 

750,000 

8,000 

273 

24.5 

1.77 

750,000 

10,000 

216 

19.4 

1.1 

750 , UuU 

5,000 

125 

13 

0.5 

750,000 

6,000 

192 

17.2 

.875 

750,000 

5,000 

273 

24.4 

1.8 

750,000 

10,000 

218 

19.5 

1.13 

750,000 

7,000 

235 

21 

1.3 

750,000 

7,500 

243 

21.75 

1.4 

750,000 

8,000 

313 

28 

2.33 

750,000 

9,500 

320 

28.6 

2.43 

750,000 

10,000 

222 

19.8 

1.2 

750,000 

9,500 

308 

1 

27.4 

2.3 

750,000 

9,500 

313 

28 

2.33 

750,000 

9,500 

108 

22.2 

1.36 

1,000,000 

10,000 


I 








^U)013T 


I 

CLOSED- 
PARAMETRIC VA 


^,0DUCBn,rrY OF nre 
ilNAL PAGE IS PW« 


('••iniiiMn t I- . n « t 


Parameters 

Power Output iMWel 
Combustion 

Coal and conversion process 
Oildizer 

Combustion slag rejection ipercenti 
MHD Generator 
Inlet pressure latml 
Inlet temperature i®Pi 
Outlet temperature (®f I 
Turbine effectiveness 
Type 

Average magnetic Held IT) 

Cesium seed ipercenti 
Inert gas 
Heal Exchangers 
Input 

Combustion gas I Apfpl 
Argon I Apfpl 

Steam generalor/precooler 
Argon I Ap/pl 

Regeneratoriprecooler I Apfpl 
Pegenerator effectiveness ipercenti 
Argon Compressor Efficiency Ipercenti 
Steam Bottoming Cycle 
Turbine inlet temperature (*F) 
Turbine Inlet pressure ipsll 
Maiimum feedwater temperature l°Fl 
Heat Reiection tin, Hgi 



Actual Powerplant Output IWWei 
Thermodynamic Tlllciency ipercenti 
Powerplant Tlliciency Ipercenti 
Overall Energy efficiency ipercenti 
Coal Consumption llbfliWhl 
Plant Capital Cost it millioni 
Plant Capital Cost itHWei 
Cost of tieciricily. Capacity Factor • 0.6S 
Capital Imllls/kWhl 
Fuel imillsfliWhl 

Maintenance and operating ImlllsfliWhi 

Total imiiisfkWhi 

Sensitivity 

Capacity factor • O.SOitotal mills/kWhi 
Capacity factor • 0. tO Itotal mllIsfkWhl 
Coital A • 2t)percent lAmills/kWhl 
Fuel A ■ 20 percent lAmilIsfkWhi 
Estimated Time lor Construction lyearsi 
Estimated Date of 1st Commercial Service lyear i 

'Base easel. XT * Dry cooling lower 

"Base case 2 IBIu * Intermediate Btu 

III. • Illinois 
Mont • Montana 


so 

so.l 

♦l.s 

ir.s 

O.SI 

l|4< 

•l.r 

u.i 

i.l 

SO.T 

>4.S 

SI. I 
• .s 
1.0 

1000 


>00 

SV.> 

S|.> 

4 |.« 

0.r> 

«SI 

ISSI 

»«.o 


s.t 

>l.> 

n.o 

Sl.s 

>.> 

1.4 

t 

1000 


«I0 

**.o 

0 ,«« 

1011 

U0« 

M.t 


If,* 

T.O 

!•> 

« 

2000 


MAS 

10.} 

*1 •• 
12.1 
0.11 
|A«1 
140 « 

lA.t 

2.1 

A2.0 

11.1 

*•* 

1.0 

t 

2001 


in 

42 .* 

H. A 
2^.1 

I. 1* 
1*2 

ll2» 

ir.2 

1.* 

• 0.1 

•«.1 
• I.l 

11.1 

I.* 

4 

2000 


1|« 
10.1 
IT.* 
2*. 4 
1.20 
T*> 
MOT 

41.1 

M.l 

4.1 

«!.* 

TT,4 

11.1 

9.1 

1.* 

2000 


N. D. • fiKirth Oakoti 
SRC * Solvent rotinod co«l 
WCT • COOlinq (owtr 







































Table 2.9-4 


BASIS FOR COST ESTIMATES 


Regenerative Heat Exchanger/Recuperator 
Materials 


Alumina (80% theoretical density) 

$ 1.20/lb 

Steel 

0.42/lb 

Insulation 

0.90/lb 

Zirconia 

5.00/lb 

Mo-Re 1 

3.00/lb 

Incoloy 800H 

2.63/lb 

Super 22-H 

4.75/lb 

Factory Fabrication 

1.0 Steel Cost 

MHD Generator— Diffuser 


Materials 


Insulation 

$ 0.90/lb 

Steel 

0.42/lb 

Tantalum/Tungsten 

60.00/lb 

Factory Fabrication 

1.0 Steel Cost 

Inventory 


Argon 

$ 5.75/100 SCF 

Cesium 

50.00/lb 

Magnet 


Materials 


Aluminum 

$ 1.00/lb 

Steel 

2.00/lb 

Superconductor 

3.42/lb 

Factory Fabrication 

1.0 (Steel and 
Aluminum 
Cost) 



Table 2.9-6 


SUMMARY SHEET 

CLOSED-CYCLE INERT GAS MHD BASE CASE 1 


CYOi PA«A>lKn« 


OulM l»WW M) 


Coitutttto 

CmI tnt cDmtnIwi »i«cni IMMi M. t 

Mxnl nAnii«Dil 

OiWitr Mr 

Camtuillon ilq Iht w * 0 

MHD6tmr*ir 

InWt'ownUlM 10 

InM tM^r«ut« l*n no 

OutM timi n hm IW 

Tuittn* iltacUMnfii 0 ^ 

t>H 

Awnfl miintHc fltM 11) 1 

CwKiia s«0 l»«c«K) 0 » 


IntrtfB 

Input 


CaaPutHsnpn lAplpl 0.10 

AifPfllOp/pl 0.01 

SIMM pmrilHlprKoeMr 

ArpMil^ 0.0B 

*IM« COMPfMW Pitcipncv iMfCMlO ■ 

SIMM OpWMilni CinH 

TurWnP IMtl U MpPrilutp 1*1) lOODIHOD 

TurMiMlnlMpfniurtlptll MO 

MnlMuM MHMr Mmptrahjrt 1*11 02 

MMI NlK tl in Wtl cppllnp Mpr 


MMOt COMPOWOIT QUOKimiTICS 


POIOWlWCtMIOCOST 

ThPrMMipntMK Hhtmci Ippr c pnO W I 

iMiiplint Mdtnqr iptronU *L 1 

OmmII MWffir «Md«nc|r IppranB R * 

lipnl cmM MM » I lA 1® 

Hm* mpIM mM IM«M IM 

Com 01 Modikilp loniiiMm *0 7 

MADjim Ksowas 

coMiiwow aoo 

WMOf iMi ft MIII 

low aa 

coMinp a a 


PiicoMlni 


0 


Ma*M 


0 


NO, UMpmilon 


0 


Sloe* pn doonup 


0 


lonOlKroi/IOOMIM 


lOT 



ENVIKMMBfTAL INTRUSION 




lom^-wu 

LMWTi 



■"*x 

OuNwl 

«»? 


an 

aiMi 10-7 

NO, 


on 

0 Z» 1 10*7 

HC 


0 

0 

CO 




^•fticuum 


am 

0 0«1 10'7 



stu/kWh 




no7 


1 

1 

! 


aio 


WMitl 


Non* 



Unll or Molulo 


MiiifCiNwniiR 

Sin UN 

W 1 1 Nr 01 1 HI 

RM^^NI 

Com 

• lU^ 

UnNf 

\ 

MCmI 

(OllA 

MW 

40S 

lumoM 

n Ob 1 1» M|h 

4.1 

nt 

lit 

PrlMory ImM OKHonfir 

a«aiOhi|h 

ro 

20 

1 

ao 

774 

OMO noQtoTMnorMHrMNuior 


2 1 

1 

2.1 

44 

MMOMonOPnor 

MObinioni 

M 

11.1 

1 

11 1 

104 

AHinlMMM MMor 

»0Ui7Shl|ft 

4.4 

Lt 

1 

M 

IS 1 

ImorMn 

- 

- 

M.t 

1 

at 

ns 


I 



REPPOr>UCrnn,ITY OF THE 
Ot^itUNAi. i’ACC ii POf'B ^ 


I 

1 

i 


55 
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Table 2.9-7 


SUMMARY SHEET 

CLOSED-CYCLE INERT GAS MHD BASE CASE 16 


CYca PAuxrtt 

Ntr (Kitpul mxiftt 


CmI «nd cftmtnion pfocttt lUinott No. I 

Dirtci 


OiiAttr 

Air 

Comluttioo rtioctton (Hrconll 

« 

MHD Contrllor 


Iftift omsurt<Mmt 

10 

lnlfMOi*«or|lurt 

ysD 

OutM loxipfriluft f*H 

2000 

furOirtt intelivtrmt 

0.1 


foradpv 

Avongo fWonilK (ttM iTI 

s 

CttiuM MoO iH'ttnti 

0 IS 

lAortyn 

AlOPn 

Hitf Uchanim 


inM 


ComiuitioA on 

OS 

Aro»n lAp/pl 

OOS 

SIMM oomraloHorocoottr 


AroDn (Apto> 

0 nts 

Motnonlonoffcaoltr U^pi 

001 

ImnonlBf fffocitvormt iporctnli 

0 IS 

Af«fl loMprtttor tfliofflcv iptrcaflii 

■ 

SiMiii Mknini Cy<l« 


TurMM >nl«l tOMporahift 

IQOaiQQO 

Turtint intft prnwr* iptn 

ssoo 

Maiimum liMuilf Itmpt^olurt l^> 

SIO 

HiM Rttoctwrt 

MM cBOlin 


nujot coii^owofl CHAurntisTics 


Un*( or Modulo 


Mtior Cowptwinl 

Slip im 

IW 1 l Iff 01 4 HI 

(1 

Coat 
It 1 

UnHi 

NpuirM 

Total M 
II 1 Kn 

fumpct 

» aia 1 ISO htf* 

1 tl 

IS 1 

2 

21 S 

Primpfy hMl tBChpnitf 

so dial 10 Min 

S 01 

4 4 

1 

IS 2 

MNO nonIMOPnprabrIdittuur 

IMMarMlS* JKl,., , 

4 4 

1 

44 

Mi|nM and ««iar 

I) «a t « »n| 

s.oo 

2S S 

1 

IS SO 

Affpn'ar9»n racuptraMr 

S0MaiSH*|fi 

OM 

! 20 

4 

222 

Hut oai'ftMM botitr 

«i USi» 

410 

U 00 

1 

MOD 

SlaaM lurUM fanrraior 

lOi ISOiS 

2 m 

4 20 

1 

4T 


.. 

- 

22 1 

1 

224 


PWOIMMJCC WCOSI 


Tha middy name afliciancy ipmanti 

440 

^Dvtfplanl amcitnqr Ipdrcdfrtt 

11 1 

Omrall tntrfy affkitficy tptrttnii 

V 1 

nani CMflai o»fl It i 

ir» 

dlanl CMHai coH (MINI 

IMP 

Coat oi atactricrty (miila/klint 

ni 

NATURAL RISOURCtS 

CmKIMMiI 

0 9> 

Mar tfiMWhl 

Taw 

0.20 

CoMIng 

0.20 

Pmcaaaing 

0 

MMtud 

0 

NO, UMnunn 

0 

SUiO «n clMnuf 

0 

Landiacraa/HOlMNai 

4 HI 


Olvimilioim iurtusiow 



IMKr-Mu 




InfiO 



SO, 

12 


1 1 1 10 ^ 

HO« 

a? 


0 441 10'^ 

HC 

0 


D 

CO 

0 


0 

PaHKulataa 

0 1 

ItulilVh 

0 04 1 10'‘ 

Haal Ip aWar 


2006 


Naai total rayactod 

LMWh 

S7I7 

LWOay 

Naaiaa 




Turnaca laiidi 

0 024 


1 4i 

Tina dual trpM cyctonaa ^ 
Tiy aaA ) 

0 Cl 10 ^ 


0 II ■ 11^ 


Ou»u< 

7t7 

V 1 

A 1 

V 1 

n I 

IS 0 

so 
r? r 
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Table 2.9-8 (Page 1 of 3) 


CAPITAL COST DISTRIBUTIONS FOR CLOSED-CYCLE INERT GAS MHD 


i 

i 

HAJO* components 

CASE NO. 

1 

2 

1 


1 

6 

T 

• 

9 

PNINI CKLf 

NMO OCN-OU'EOSIt 


2.T 

1.1 

1.4 

2.T 

2.T 

2.T 

1.1 

1.4 

2.1 

NA6NET 


IT.T 

12.0 

1.0 

IT.T 

IT.T 

IT.T 

ll.B 

19.1 

14.0 

HIGH temp NECUPERATORIPECENI 

nm% 

0. 

0. 

T.2 

0. 

0. 

0. 

0. 

0. 

0. 

^ RECUPERATOR 

nn% 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

! PRECOOlCR 


S.4 

T.2 

I.l 

1.4 

1.4 

1.4 

2.4 

1.4 

1.0 

COMP M|Th steam TURB DRIVE 

nm% 

II. 1 

2T.4 

1.1 

11.1 

11. 1 

11.1 

II. 1 

H.l 

14. T 

SEED system 

nn% 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

! BOTTOMING CYCLE 

stean boiler 


I.« 

IT.I 

0. 

1.4 

1.4 

1.4 

I.l 

12.1 

11. T 

STEAM TURB-GEN MNS 

primary heat input ano fuel system 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

4.4 

0.1 

COMBUSTOR SYSTEM 

* 

MNS 

2S.4 

44.1 

lO.I 

II. T 

11. 1 

II. 9 

21.1 

21.* 

21.2 

meat InPjT EKCHIRFGENERATIVEI 

MNf 

14.0 

22.0 

4.1 

14.0 

u.o 

14.0 

14.0 

14.0 

40.1 

1 SUB-IOTAl of major components 

MNt 

90.4 

111.4 

11. 1 

11.2 

11.1 

11. 1 

14.1 

'i.A 

114.1 

1 balance of plant 

COUlING toner 

MNt 

4.0 

1.0 

1.2 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

STACK.GAS ClEAN.UP EQUIP. 

MNt 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

DC TO AC INVERTERS 

MNt 

11.4 

91.1 

12.1 

11.4 

n.4 

11.4 

11.4 

41.4 

49.4 

ALL OTHER 

MNt 

19S.I 

191. T 

19.0 

191.4 

|9|.4 

191.4 

191.1 

191.1 

191.1 

site labor 

MNt 

SI.S 

IIT.O 

11. T 

IT. 9 

IT. 9 

IT. 9 

11. » 

11. A 

11.1 

sub.tutal of Balance of plant 

MNt 

109.9 

414.1 

44.0 

104.9 

104.9 

104.9 

109.9 

101. T 

IOT.9 

CONTINGENCY 

MNt 

10. 1 

114.4 

19.2 

TI.O 

T|.l 

Tl.l 

T9.2 

T9. 2 

H.l 

1 ESCALATION COSTS 

MNt 

11T.4 

110. T 

22.1 

111.9 

|14.0 

114.0 

111.9 

Ill.V 

112.4 

1 

1 interest 0UR|N& construction 

MNt 

149.1 

402.9 

24.2 

144.9 

141.0 

ut.l 

14T.4 

UT.4 

IIT.t 

1 

' total capital cost 

MNt 

TIT. 4 

1441.4 

141.4 

T4T.0 

T4T.1 

T4T.T 

TTI.l 

TT9.4 

ITl.l 

1 

major components cost 

t/ANf 

ISS.l 

111.4 

119.4 

141.1 

141. T 

141. T 

14T.9 

Ul.l 

214. T 

balance of plant 

t/AMt 

Sll.4 

124.2 

T21.4 

120.0 

H9.4 

119.2 

112.1 

119.0 

114.1 

1 CONTINGENCY 

B/ANE 

IIT.I 

112.4 

214.4 

111.1 

lll.O 

111.0 

114.0 

Ul.l 

114.1 

1 EKALATION costs 

t/A«( 

211. 4 

244.0 

212.2 

221.1 

222.1 

221.2 

711.4 

242. T 

244.1 

INTERLST during construction 

b/anc 

290.1 

144.1 

2T4.0 

211.2 

2H.2 

2tl.l 

2BT.1 

299.0 

124. 1 

j total capital cost 

t/A«F 

1110. 0 

1404.9 

1121.1 

HOT. 9 

llOT.I 

HOT. 2 

IllT.I 

1190.4 

1114. T 

1 

» 

1 

1 



Ki'.i 1 



. i Ul-' TiiE 




uHIGIoAL, Li P(X)li 


10 

1.0 

11.0 

0 . 

0 . 

}.I 

14.0 

0 . 

*.l 

0 . 

It. 4 

40.1 

in. 2 

4.0 

0 . 

) 0 .« 

Itt.l 

2M.2 
II. I 
It*. I 
ITI.I 

T ««.0 

22t.2 

«».T 

114.2 

241.0 

no. I 
in«.2 


57 


Table 2.9-8 (Page 2 of 3) 


CAPITAL COST DISTRIBUTIONS FOR CLOSED-CYCLE INERT GAS MHD 


HAjO« C0H»C»«CN1S 
MiW CTCLt 

CASE no. 

II 

12 

IS 

lA 

IS 

16 

IT 

1* 

It 

20 

"HO GM-oirru&c* 

HNS 

I.T 

l.S 

2.2 

2.S 

2.T 

A. A 

A.* 

A. A 

A. 6 

2.S 

MAGI IT 

MMt 

W.A 

21.0 

IS.O 

16. S 

IT.T 

21. S 

2S.S 

25.5 

26.1 

2a.* 

HIGH T(M» (CCUPr«AT0M|l)E6EN) 

MMS 

0. 

0. 

0. 

0. 

0. 

22.2 

22.2 

22.2 

22.2 

22.2 

■tCuMEAATO* 

MMt 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0, 

mmecoolI* 

MMt 

}.A 

T.l 

2.t 

1.0 

1.6 

11.6 

11.6 

11.6 

*.* 

*.A 

COMM a|T >4 STEAM TUMB DRIVE 

MMt 

11. t 

21.1 

|A.6 

16.6 

>*.2 

15. T 

IS.* 

15.1 

6. A 

IS.* 

SEED SYSTEM 

boitomimg Cycle 

MMt 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

STEAM boiler 

MMt 

A. A 

12.0 

T.t 

(.1 

t.T 

lA.O 

lA.A 

1*.* 

15.1 

lA.O 

steam TU«B>GEN M«t 

RRIWARY heat inrot AND FOCL SYSTEM 

0. 

0. 

2.S 

O.T 

0. 

A.T 

S.A 

6.0 

12.1 

A. 6 

combustor system 


U.2 

Al.S 

20.6 

21. A 

26.2 

26.1 

2t.l 

12.2 

26.S 

26.1 

meat InPjT EICHiREGENERATIvEI 


AO.t 

16.0 

16.0 

16.0 

l6.0 

15.2 

IS. 2 

15.2 

15.2 

15.2 

SUB'TUTAi, Of MrjOr COMROMENTS 


lll.« 

122.6 

*1.* 

ts.o 

*1.1 

IS*. 6 

161.1 

1*1.6 

16*. 2 

151.1 

balance or rlAnt 

COOLING T3NER 

MMt 

A.o 

A.O 

A.O 

A.O 

A. 2 

t.o 

1.0 

t.o 

*.o 

*.o 

STACK.gas ClEAh.UR rouiR. 

MMt 

0. 

0. 

0. 

0. 

0. 

SI. 5 

51. 1 

51.5 

51.5 

51. S 

OC TO AC inverters 

MMt 

n.R 

SR.l 

AT.T 

SO. 2 

»2.1 

T2.6 

12.6 

12.6 

51.6 

12.6 

ALL OTHER 

MMt 

IRS.t 

IRS.t 

I6S.I 

IRS.t 

I6T.2 

IR1.6 

ItA.T 

ltl.2 

1*1.6 

1*1.6 

SHE LABOR 

MMt 

Sl.t 

St.S 

St.S 

St.S 

>6. A 

11S.6 

Il6.s 

111.1 

115.6 

115.6 

SUB>ruTAL or Balance or plant 

MMt 

2*2.2 

llT.A 

106.0 

10*. s 

112.6 

6S1.6 

6SS.1 

65*. 6 

61A.6 

651.6 

contingency 

MMt 

Tl.l 

tt.o 

TT.6 

TR.T 

to.t 

162.6 

1*1. T 

1*5.2 

IS*.* 

161. S 

escalation costs 

MMt 

DS.2 

ISI.O 

lll.l 

IIS.O 

11*. 6 

126.1 

126.0 

112.0 

121.0 

12a. S 

INTEMLST during construction 

MMt 

|AA.* 

1*6.0 

161.6 

1*6.6 

I’O.t 

*21. T 

A26.S 

AlO.S 

A16.2 

A20.1 

TOTAL capital cost 

MMt 

TTA.i 

(6S.0 

T62.A 

TTl.* 

TRa.2 

1126. A 

ITIT.I 

HSA.O 

1**5.* 

IllA.I 

MAJON components cost 

t/c«f 

220.1 

1*2.* 

|a0.6 

lAT.O 

1S6.S 

ITI.O 

112.2 

ITA.6 

1*1.6 

1*5.1 

balance or plant 

t/AME 

SSS.R 

ATl.S 

S26.2 

Sll.A 

SlT.S 

TOO.I 

6*1.1 

6*6.1 

TOt.l 

102.1 

contingency 

t/AWE 

ISt.2 

ISI.I 

111. A 

116.1 

Ht.t 

ITA.2 

112.1 

112.2 

11*. 1 

HI. 5 

escalation costs 

t/AME 

2tt.2 

22S.2 

22*.* 

211. $ 

21*. 1 

ISO.l 

1*6.6 

1*6.0 

ISt.O 

1A*.1 

interest during construction 

t/AHE 

I2t.0 

2TT.S 

2tl.6 

2*T.6 

2*1.1 

*51.6 

66*.* 

A6*.* 

A6S.S 

6*2.1 

total capital cost 

t/AME 

1S2S.2 

1260.1 

1110.6 

HIT. 6 

I16A.2 

l(*6.2 

1*12.1 

1*21.1 

1*66.6 

1*61.6 
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Table 2.9-8 (Page 3 of 3) 


CAPITA!, COST DISTRIBUTIONS FOR CLOSED-CYCLE INERT GAS MHD 


N»JO« components 

P"1MI CrCLl 


NO. II 


101 102 


MMO OEN'OIFFUSEP 

MMS 

A. 2 

A. A 2.T 

2.4 

magnet 

MRS 

2A.I 

2S.S IT.T 

2S.S 

HIGH temp PECUPEPATOPlREGEMt 

MRS 

22.2 

22.2 0. 

0. 

•ecupepator 

MRS 

0. 

o 

• 

o 

0. 

PRECOOlER 

MRS 

V.2 

11.4 }.S 

A. A 

COMP n|Th steam turb drive 

MRS 

IS.} 

Is. A IS.I 

20.0 

SEED STSTE" 

MRS 
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0. 
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U.l B.R 

IS. 4 

steam TUPB-GEN MMs 

primary heat input and fuel system 
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141.0 

ISA.I 17. T 

lOS.I 

escalation costs 

MRS 

S21.A 

S2S.T ITS. 2 

ISO.) 

interkst During construction 

MMS 

AlR.I 

A2T.S 221. S 

222.1 

TOTAL capital cost 

MRS 

ITOl.S ITaI.S VSI.O 1012. t 

MAJOR components cost 

s/(mE 

ISA. 2 

ITS.I U2.) 

IA2.0 

balance or Plant 

s/<«r 

4R1.4 

TIS.S StS.S 

422.4 

contingency 

S/KmE 

|T|.| 

ITT.T IA4.2 

112. R 

escalation costs 

S/KMY 

lAl.t 

SST.I 2*1. T 

IRI.T 

interest during construction 

S/KRE 

AAS.R 

A4S.0 SSO.S 

2)B.T 

total capital cost 

S/KMr 

ISI4.T ISSS.I ISSI.S IIOR.S 


TcUole 2.9-9 


POWER OUTPUT AND AUXILIARY POWER DEMAND 
FOR BASE CASE AND PARAMETRIC VARIATIONS: 
CLOSED-CYCLE INERT GAS MHD 



CASE fC , 

1 

2 

3 

6 

5 

6 

T 

8 

9 

10 

PRIHF CyCLF powfr output 

HW 

ftAi.a 

1299.3 

100.7 

6A8.8 

668.8 

668.8 

668.8 

531.0 

621.1 

570,7 

B0TT0>*I<4& CYCLF POWER OUTPUT 

MW 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

103.0 

16.2 

0. 

FUKN*Ct POWER CCTPUT 

HW 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

balance of plant aux. power 

REO'O. HW 

^o.s 

35.0 

2.5 

PU 

O 

• 

o 

20.0 

20. C 

20.5 

20.5 

20.5 

20.5 

Furnace 'A ux. power reoid. 

MW 

JS.S 

72.5 

a. 2 

32.7 

32.2 

31.8 

36.3 

65.2 

29.6 

21.2 

transforhfr losses 

MW 

3.2 

6.5 

0.5 

3.2 

3.2 

3.2 

3.2 

3.2 

3.2 

2.9 

inverter losses 

MW 

6.S 

13.0 

1.0 

6.5 

6.5 

6.5 

6.5 

».3 

6.2 

5.7 

NET ST*TION OUTPUT 

Mw 

583.3 

IUS.3 

88.5 

586.6 

516.9 

587.3 

582.3 

559.8 

575,8 

520.6 



CASE 

NO, 

11 

12 

13 

16 

15 

16 

17 

18 

19 

20 

prime Cycle power output 


MW 

553.6 

753,2 

597.6 

628.0 

6»6.5 

931.0 

931.0 

931.0 

678.1 

931.0 

BOTTOMING CYCLE POWER OUTPUT 


MW 

0. 

0. 

66. T 

13.2 

0. 

110.0 

127.0 

UO.O 

321.0 

107.0 

Furnace power output 


MW 

0. 

0. 

0. 

0, 

0. 

0. 

0. 

0. 

0. 

0. 

balance OF plant aux. power 

REO'O. 

MW 

20.5 

20.5 

20.5 

20.5 

27.0 

60,7 

60.8 

60.7 

60.7 

60.7 

furnace aux. power RE0>0. 


MW 

16.8 

51.0 

30.7 

32.8 

35.5 

52.2 

56.6 

56.0 

52,5 

52.2 

transformer losses 


MW 

2.8 

3.8 

3.3 

3.2 

3.3 

5.2 

5.3 

5.6 

5.0 

5.2 

INvERTFR LOSSES 


MW 

5.5 

7.5 

6.0 

6.3 

6.5 

5.3 

9.3 

9.3 

6.8 

9.3 

NET station output 


MW 

508.0 

670,6 

581.6 

578.6 

582.2 

933.6 

968.2 

959.6 

896.1 

930.6 



CASE 

’.0. 

21 

22 

101 

102 

prime Cycle power output 


MW 

890.2 

935,8 

666, T 

1016.0 

bottoming CYCLF POWER OUTPUT 


MW 

155.0 

95.0 

0. 

0. 

furnace power output 


MW 

0. 

0. 

0. 

0. 

balance of plant aux. power 

REO'O. 

MW 

60.7 

60.7 

20.0 

65,9 

Furnace aux. power reo»o. 


MW 

69,9 

52,2 

15.0 

26.6 

transformer LOiSES 


MW 

5.2 

5,2 

3.2 

5,1 

inverter losses 


MW 

8.9 

9.6 

6.6 

10.2 

NET ST*TI0N OUTPUT 


MW 

960.5 

923.6 

600.0 

930.5 


The thermodynamic and power plant efficiencies of the SRC 
fueled topping plants are higher than those of the coal fueled 
parallel cycles/ but the energy lost in the production of the 
semi-clean fuel overbalances that advantage. Thus the overall 
efficiencies of the SRC fueled topping cycles are in the range 
26 to 36 percent, while those for the coal fueled parallel cycle 
are in the range 35 to 39 percent. The SRC fueled low power re- 
cuperative cycle. Case 3, has a low overall efficiency of about 
28 percent. Only the coal fired topping cycles. Case 101 at 
about 42 percent and Case 102 at 46 percent, have overall effi- 
ciency above 40 percent. 

Among the parameters varied, the turbine effectiveness 
(Cases 1, 12, 13, 16, 21, and 102) produced the greatest effects 
on efficiency. Increase in the peak argon temperature also tended 
to increase system efficiency. The design pressure drop for com- 
bustion gases passing through the refractory storage input heat ex- 
changer is an important parameter affecting both efficiency, through 
changes in required furnace auxiliary power, and capital cost, 
through changes in heat exchanger size and cost. 

Pressurization of the combustion system provides significant 
gains. Estimates made for a modification of Case 102 in which the 
combustion system is pressurized to 4 atmospheres by a balanced 
gas turbine/air compressor set operating with turbine inlet tem- 
perature of 546 F (559 K) indicate savings of approximat^^ly 6 per- 
cent in total capital cost relative to the corresponding system 
with atmospheric combustion. These savings result primarily from 
use of fewer refractory storage heat exchangers (10 instead of 14) 
and smaller combustion gas ducts; there is little net change in 
equipment costs for the furnace system. In addition, gains in 
overall system efficiency totaling approximately 3 percent (1.4 
percentage points) result from a 1 percent improvement in furnace 
efficiency (lower stack temperature) and a net saving of nearly 
18 MWe in auxiliary power (fans). Thus furnace pressurization to 
4 atmospheres for Case 102 should result in a system providing 
948 MWe at a capital cost of $1015/kWe and an overall efficiency 
of 47.4 percent. 

The relatively high compression power requirements of the 
argon working fluid are a disadvantage of this system. The argon 
compressors for the 600 MWe (nominal) systems studied here differ 
very little in power requirements from the air compressors for the 
2000 MWe (nominal) open-cycle MHD systems. At the higher values 
of MHD "turbine effectiveness," the closed-cycle inert gas MHD 
topping systems must operate significantly below optimum pressure 
ratios in the argon loop to get sufficient steam power to drive 
the argon compressor. This problem can be alleviated by higher 
peak argon temperatures and by lower final feedwater temperatures 
in the steam bottoming cycle, both of which have been used in Case 
102, and possibly by some argon compressor intercooling. A less 
attractive alternative is the provision of some auxiliary electric 
motor drive for the argon compressor. 
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It seems clear in retrospect that this first attempt at 
total system design did not begin with the system configurations 
most likely to be successful. The parallel cycle and the low 
l^wer MHD recuperative cycle appear not to be attractive. The 
MHD topping cycles can have attractive overall energy efficien- 
cies, but not when fueled with the semi-clean fuel because of the 
0.78 fuel conversion efficiency factor for producing this fuel 
from coal. The system providing the best possibility for attrac- 
tive overall efficiencies and cost of electricity is the coal 
fueled topping cycle. Success with this system probably will re- 
quire MHD "turbine effectiveness" exceeding 0.70 and careful inte- 
gration of both the steam cycle and the furnace with the topping 
cycle. Further, the working fluid gas must be kept "pure" to take 
advantage of the nonequilibrium effects. The design of the MHD 
equipment also must permit an economical plant layout and reduced 
balance- of -plant costs. 

RECOMMENDED CASE 


Case 102, the coal-fueled MHD topping cycle is the recommended 
starting point for future system study. This system provides the 
highest efficiency, lowest capital cost, and lowest total cost of 
electricity among the closed-cycle inert gas MHD systems analyzed 
here. Further study of this system should include consideration of 
pressurized combustion, which provides significant gains in lowered 
capital costs and increased efficiency. 
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2.10 CLOSED-CYCLE LIQUID METAL MHD 


DESCRIPTION OF CYCLE 

The closed-cycle liquid metal MHD system is similar to the 
closed-cycle inert gas system in its recirculation of the gener- 
ator working fluid and in requiring a heat exchanger which oper- 
ates at peak cycle temperature. However, it differs greatly in 
getting electrical conduction in the working fluid by means of a 
liquid metal flow, which provides an electrical conductivity that 
is essentially independent of the fluid temperature. 

Of the many ways tried thus far to use the high conductivity 
of liquid metals in MHD power generation, the one that works best 
appears also to be the simplest. The liquid metal is pressurized 
and heated to peak cycle temperature (1300 F [978 K] ) in an input 
heat exchanger. It then flows to the entrance of the MHD genera- 
tor where pressurized (and possibly also heated) gas (helium) is 
injected as a uniform dispersion of bubbles occupying over half 
the volume of the flow. 

The bubbles and liquid flow together as a two-phase mixture 
through the generator and its magnetic field. The liquid pro- 
vides the necessary electric conductivity and, because it has 
much greater heat capacity than the bubbles, maintains the gas 
temperature nearly uniform as the bubbles expand through the gen- 
erator. The bubbles provide the compressibility needed to convert 
heat to energy of directed motion in an expansion engine. After 
leaving the MHD generator, the gas and bubbles are separated, the 
liquid is recycled directly to the input heat exchanger, and the 
energy in the gas is transferred to the bottoming cycle prior to 
recompression and return to the generator entrance. 

The closed-cycle liquid metal MHD generators have provided 
the lowest temperature MHD generators and the most efficient ma- 
chines demonstrated to date. Materials problems are less diffi- 
cult here than in the inert gas systems. These favorable features 
are offset by inconveniently low output voltages, by cycle effi- 
ciency problems associated with losses from the large recirculat- 
ing power in the circulating liquid metal flow and with pinch- 
point problems in the steam generator transferring heat to the 
bottoming cycle, and by cost problems associated with circulation 
and processing of the four working fluids used (combustion gases, 
helium, liquid metal, and steam) . 

The design and estimation of the closed-cycle liquid metal 
MHD systems has been a joint effort of Argonne National Labora- 
tory (the system advocate) , Foster Wheeler Energy Corporation, 
Bechtel Corporation, and the General Electric Company. The prin- 
cipal items designed and costed by personnel from each of these 
companies are as follows: 
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• Argonne National Laboratory 

MHD mixer/generator/separator 
Superconducting magnet/dewar 

• Foster Wheeler Corporation 

Coal handling auxiliaries 
Atmospheric fluidized bed furnace 
Air preheater 
Steam boiler 

Hot gas cleanup for gas turbines (Case 10) 

• Bechtel Corporation 

Site labor and materials 
Cooling towers 
Balance of plant 

e General Electric Company 

Electrical inversion equipment 
Steam turbine/helium compressor 
Combustion gas and helium turbines 
Helium recuperators 
Helium precoolers 
Coal gasification equipment 
Liquid metal pumps 

In addition. General Electric has performed the system integra- 
tion function. 

Eighteen different MHD power cycles have been analyzed in 
the Task I Study.* The power level for the base case, Case 1, 
illustrated in the schematic of Figure 2.10-1, is set at a nomi- 
nal 600 MWe. Unlike the other types of MHD systems, these liquid 
metal systems are best suited for relatively low magnetic flux 
densities and low power outputs, and the 600 MW (nominal) systems 
studied here have 13 or 14 generators operating mechanically in 
parallel but electrically in series, each usually producing ap- 
proximately 50 MWe at 30-35 volts. The magnetic flux densities 
are in the range 1 to 2 tesla. Most of these systems use atmos- 
pheric fluidized bed (AFB) furnaces for heat input and sulfur 
emission control, and the 600 MW (nominal) systems use three AFB 
tower modules. 

Case 2 is similar to Case 1 except that its lower power level 
(300 MWe nominal) requires only 7 MHD power modules instead of 13 
and it produces d-c electric power at a lower voltage, 210V in- 
stead of 390V. Case 3, a 1200 MWe nominal system, uses 14 some- 
what larger MHD power modules, each producing 87.5 MWe at 35V. The 
magnetic flux density is slightly lower, 0.97 tesla rather than 


w 


except Case 101; 
see text below 


except 
Case 101; 
see text 
below 


*The principal design parameters of these eighteen systems are 
included in Table 2.10-5. 
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1.13 tesla, for this case. Cases 4 and 5 are similar to Case 1 
except that the fuels burned in the AFB furnaces are Montana sub- 
bituminous and North Dakota Lignite, respectively. 

Cases 6, 7, and 8 are similar to Case 1 except that the fuels 
used are low-Btu gases made from Illinois #6, Montana sub-bitumi- 
nous and North Dakota lignite coals, respectively. These gases 
are burned in pressurized furnaces at 10 atmospheres pressure. 
Because the pressurizing gas turbines and steam turbine generator 
used in these cases produce substantially more power than is re- 
quired to operate the integrated gasifiers and furnaces, each of 
these cases gains substantial power, more than the output of the 
MHD generator, from the furnace turbine generator. 

Case 9 is similar to Case 1 except that the fuel is high-Btu 
gas burned in a pressurized furnace. The furnace turbine genera- 
tor for this case provides only about 10 percent of the total 
power output. 

Case 10 is similar to Case 1 except that the furnace is of 
pressurized fluidized bed (PFB) type burning Illinois #6 coal. 

The furnace turbines produce about 24 percent of the power output 
for this case. 

Cases 11 and 12 differ from Case 1 mainly in their higher 
peak temperatures, 1400 F (1033 K) and 1500 F (1089 K) instead of 
1300 F (978 K) , and in the use of lithium instead of sodium as 
the liquid metal. Sodium carryover past the separator to the 
steam generator becomes a significant problem at temperatures 
above 1300 F (978 K) because of the relatively high vapor pres- 
sure of sodium at such temperatures. 

Case 13 differs from the base case primarily in use of a 
higher peak pressure at generator inlet, 100 atmospheres (10.1 
MN/m2) rather than 50, and a slightly lower pressure ratio across 
the MHD generator. 

Cases 14 and 15 explore the effects of changes in electric 
load parameter and thus of changes in "effective turbine effici- 
ency" of the MHD mixer/generator/separator chain. 

Case 16 is similar to Case 1 except that dry cooling towers 
are used rather than wet towers for system heat rejection. 

Case 17 is a variation in system configuration that uses a 
recuperative heat exchanger and helium turbine in place of the 
boiler and steam turbine bottoming cycle. The AFB furnaces also 
are simplified in this variation because of elimination of the 
steam reheat. 

Case 101 is a variation in which a larger pressure drop is 
used in the separator together with lower estimates of separator 
losses to gain a system of higher efficiency and lower cost that 
does not require the expensive mechanical pumps for liquid metal 
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recirculation used in the base case. This case was not one of the 
original points selected for analysis. It was added in the course 
of performing Task I following evaluation of preliminary results 
for the other points. Because of pressures on time, the costing 
of on-site labor and materials, cooling towers, and balance of 
plant for Case 101 has not been done by Bechtel, but has been done 
at General Electric by the Systems and Plant Integration Team by 
making incremental adjustments to Bechtel estimates for Case 1. 
Similarly, estimation of the costs of the AFB furnaces for Case 
101 has not been done by Foster Wheeler, but has been done at 
General Electric by incremental adjustment of the Foster Wheeler 
estimate for Case 1. Among the closed-cycle liquid metal MHD 
systems, only Case 101 was handled in this manner. 

ANALYTICAL PROCEDURE AND DESIGN ASSUMPTIONS 

The scheme of the systems programming was to model at an 
adequate but simple level to facilitate efficient computer usage 
and thus enable thorough parametric studies. Consequently, two 
levels of analysis were used: 

a. The MHD generator model 

b. The integrated systems model 

In the integrated systems model the MHD generator was modeled by 
defining an isentropic efficiency. Using the isentropic effici- 
ency in conjunction with the model for the ideal device, the duct 
(MHD generator) performance was determined including the power 
output and the thermodynamic state points of the fluid mixture. 

The isentropic efficiency and the duct configuration corresponding 
to that efficiency at the operating conditions in question were 
determined through the use of the MHD generator model. Discus- 
sions of the generator model and the integrated systems model 
follow. 

MHD Generator 

The equations and model used to analyze the two-phase liquid- 
metal MHD (LMMHD) generator have been described previously. (See, 
for example, ref. 1.) The major points are summarized below. 

The following basic assumptions are used in the solution: 

1. The walls of the fluid channel parallel to the current 
flow are perfect insulators. (In practice a thin coat- 
ing of electrically-conducting metal may be required to 
protect the insulator, but the coating thickness is 
negligible compared with the liquid-metal thickness. 

The coating may be included in the model.) 

2. The fluid channel walls perpendicular to the current 
flow (electrodes) are perfect electrical conductors 
(compared with the fluid) . 
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between the liquid and gas phases 
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flow IS quasi-one-dimensional) . • •» he 
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ture was made to account for th^ die ^ generator exit tempera- 
te the end losses! dissipation in the fluid due 
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cent, vanes alone brurtrSl nf-S ‘’1' ’2 P®>- 

tion of vanes and tL existina^f improved combina- 

rne existing field extension by 88 percent. A 
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Generator has not been tested with an optimum field extension 
profile, but it is expected that a 90 percent reduction is attain 
able without the use of insulating vanes. 

The choices of aspect ratio and load factor in the generator 
are adjusted to yield an efficiency of around 80 percent at reas- 
onable generator dimensions. Increasing the aspect ratio above 
the nominal 7.5 selected increases the efficiency and the gen- 
erator length, the latter more quickly than the former. Increas- 
ing the load factor above the 0.93 selected decreases the gen- 
erator efficiency and length. The efficiency as a fui'ction of 
load factor goes through a peak around 0.93 because as the load 
factor is increased the ohmic losses internal to the generator 
and the power density decrease while the end loss remains about 

constant. 


Integrated Systems Model 

The integrated systems model for the LMMHD-Steam Cycle is 
considered as six major subsystems or components. These are: 




Mixer 

MHD generator (duct) 

Nozzle- separator-diffuser 

Stecim bottoming cycle and interface 


• Compressor 

• Fluidized bed and associated interfacing heat exchangers 

The analysis of the last three has been conventional. The model- 
ing of the mixer, MHD generator, and separator ass^bly, illus- 
trated in Figure 2.10-2, is described here. All of the components 
have been analyzed assuming a steady-state, lumped (no space- 
dependent variation) model. 

Mixer. For the mixer the following assumptions were made: 


1. The mixture at the exit of the mixer is homogeneous 
and at the mixed mean temperature of the fluids. 

2. Make-up liquid metal is added in the mixer in the .^ount 
carried over in the gas stream at the separator exit. 

MHD Generator. The following assumptions were made in anal- 
yzing the LMMHD generator : 


1. The flow is steady. 

2 The generator is described by a lumped control volume 
’ (i.e., spatial dependence of the thermodynamic variables 

is neglected) . 
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3. The gas phase is an ideal gas. 

4. Heah tiransfeir to the surx’oundings is negligible. 

5. Viscous dissipation is neglected. 

6. The mixtuire is homogeneous and slip is negligible. 

7. The mixture conserves entropy as a two— phase mixture 
with no mass transfer between phases. 

8. The specific heats of the gas and liquid phases and the 
volume expansivity of the liquid are all constant. 

9. The liquid metal is a pure (simple compressible) sub- 
stance. 

10. Deviations from the ideal device will be accounted for 
by defining an isentropic efficiency. 

The scheme used in this case is to analyze the ideal device and 
to account for deviations from the ideal through the use of an 
isentropic efficiency. Then using the conservation of mass, the 
first and second laws of thermodynamics, the ideal gas equation 
of state, and the appropriate thermodynamic property relation- 
ships for the homogeneous mixture of two pure substances, there 
result mathematical expressions relating characteristics of the 
flow at generator entrance and exit and the generator output. 

^zzle-Separator -Dif fuser . A conceptual design of a nozzle- 
separator is shown in Figure 2.10-2. After exiting the MHD gen- 
erator the mixture is accelerated in the nozzle and flows tan- 
gentially onto a rotating drum where the liquid and gas phases 
are separated. The liquid is then collected in diffuser vanes 
to regain a pressure sufficient to return the liquid to the 
mixer. The gas flows out the helium outlet at very nearly the 
mixer temperature to continue to the bottoming-cycle interface 
compressor, etc. ' 

In modeling this device, the nozzle and diffuser are treated 
as nonideal devices with deviations from the ideal (isentropic) 
behavior accounted for through the use of isentropic efficiencies. 
Isentropic efficiencies of 90 percent have been used for both 
devices. The separator performance and, in particular, the losses 
incurred in separation must also be included in the analysis. 
Ixjsses for the specific device shown in Figure 2.10-2 have not 
been analyzed in detail, but it is expected that this new device 
should yield better performance than a more conventional flat 
plate separator. Two values of separator loss coefficient, de- 
fined as 

separator loss coefficient = 1 - s^P^^^tor outlet- kinetic energy flux 

separator inlet Kinetic energy flux 
have been used, 0.24 for Cases 1-17 and 0.10 for Case 101 
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The designs and performances of the combustor systems and 
the steam generators are described in Section 6 . The helium com- 
pressors are conventional axial flow machines that represent a 
modest extrapolation from current commercial practice. The steam 
bottoming cycles used are conventional 3500/1000/1000 single re- 
heat supercritical cycles with final feedwater temperatures of 
117 F (321 K) corresponding to cycle efficiencies (ratio of a-c 
electrical power out to the thermal power transferred to the 
steam) of approximately 0,375, The actual heat rates for the 
turbine designs selected were calculated for each case. 

MHD Component Designs 

Mixer. The liquid flows straight through the mixer at about 
constant velocity to minimize pressure drop, and the gas is in- 
jected by a series of tubes. A homogeneous two-phase flow is 
formed about one foot before the generator duct inlet. 

The mixer is brazed directly to the generator duct housing. 
To minimize losses due to circulating currents, it is proposed 
that the mixer be flame sprayed over its entire surface with an 
electrical insulator such as AI 2 O 3 . A thin coating of tungsten 
or molybdenum would then be applied over the insulator for pro- 
tection and to serve as a brazing surface at the cost of a high- 
resistance electrical path. 

Generator. The principal generator parameters are given in 
Table 2.10-1. The decision to use 13 generators for the base 
case came from the desire to have a roughly square exit channel 
for optimum fit into the circular containment structure, shown 
in Figure 2.10-3, and the need to attain a reasonable voltage 
level for the inverters. The terminal voltage of 390 volts for 
Case 1 is obtained by connecting 13 generators electrically in 
series. 

The generator duct is rectangular in cross section, with the 
distance between electrodes remaining constant while the flow 
area increases to maintain a given two-phase velocity. Previous 
designs for the generator duct have been visualized as thin me- 
tal cans that are integral on two sides with the electrodes, 
with the remaining sides electrically insulated from the con- 
tainment pressure housing. Ideally the electrodes should be 
separated by an electrical insulator to prevent added ohmic 
losses. Since at present there are no known insulators compati- 
ble with high-temperature liquid metals, thin metal walls are re- 
quired to provide protection with minimum ohmic loss. The struc- 
tural h- .ijing required to contain the pressure in the duct while 
maintaining electrical isolation of the electrodes can evolve 
into a rather complex design. Thus a new approach has been pro- 
posed, namely , generator duct containment by the use of pyrolitic 
graphite. 

The use of pyrolitic graphite (PG) as electrode, insulator, 
and containment is without any known precedent. Theoretically 
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Table 2.10-1 
POWER MODULE PARAMETERS 



Case 1 
Na-1300 F 

Case 2 
Na-1300 F 

Case 3 
Na-1 300 F 

Case 11 
Li-1400 F 

Case 12 
Li-1500 F 

Case 13 
Na-100 Atjn 

Case 17 
GciS Turbine 

Nominal power outout 

6GC MWe 

300 MWe 

1200 MWe 

600 MWe 

600 MWe 

600 MWe 

600 MWe 

(total) power /unit MWe 

47. 1 

47, 3 

87.46 

43.73 

43.7 

47.3 

68.03 

Generator length (ft) 

22.7 

22.7 

30. 9 

22.47 

21.7 

15.43 

32.0 

Electrode spacing (ft) 

3.067 

3.067 

4.17 

3.031 

2.931 

2.081 

4.32 

Electrode height (ft) 

1.280-3.025 

1.189-2.809 

1.75-4.13 

1.199-2. 845 

1.17-2.95 

0.930-2.058 

2.85-4.19 

Field strength (tesla) 

1.13 

1.13 

0.97 

1.15 

1.18 

1.95 

0.92 

Voltaqes 

30 

30 

35 

30 

30 

35 

35 

No. of power modules 

13 

7 

14 

14 

14 

14 

9 

OD of graphite housing 
ID of Cu electrodes 

6 

6 

7 

5.5 

5.5 

5 

7 

(ft) 

Nominal refrig, 
power kW 

329 

177 

545 

330 

325 

210 

370 

OD of cryostat (ft) 

8.25 

8.25 

9.0 

7.5 

7.5 

8.0 

9.0 








the desired features are there. PG is an excellent J^terial for 

high-temperature service, actually 2, „hile 

Strength with increasing temperature up to 4500 F (2756 K) wniie 
also exhibiting high resistance to thermal shock. The anistropi 
properties of Ig permit electrical conductivity approaching that 
of aluminum in one plane, while acting 

thermal insulator comparable to ceramics in the normal 

Pyrolitic graphite is especially intriguing because of its method 

of manufacture, i.e., being deposited in layers from 

bon qas This process allows additional materials such as refrac 

^ry’mlialfor Lramics to be alloyed with the carbon, and also 

deposition temperatures can be varied (3181 to 4081 F [2023 to 

2523 K]) to control the desired mechanical, thermal, 

cal properties. Although standard commercial grades of PG 

an electrical resistivity between 300 and 500 micro-ohm-cm in the 

conductive direction, carefully controlled PG has 

with a resistivity of 39 micro-ohm-cm. It is noteworthy that the 
electrical resistivity of PG, unlike most metal conductors, re- 
mains fairly constant with temperature increase up to 3000 F 
(1922 K) . 

The geometry of the generator duct could be machined into a 
cylindrical block of pyrolitic graphite with the conducing plane 
parallel to the direction of the generated current. Normal to 
this plane the graphite is an insulator. The cylinder could be 
made in longitudinal halves separated by an electrical insulator 
to ensure against any generated cross currents. Graphite is not 
compatible with liquid metals, so a layer of 

num must be flame sprayed or chemically vapor deposited on the 
duct surface and the ends of the housing. The mixer and nozzle- 
separator-diffuser units can then be brazed to the generator 
housing for leakproof seals. The graphite provides ^^egral 
housing and the desired electrical properties J;® ^ 

enough to withstand the high pressures involved without s^uc 
tural backup. This backup is provided by the bus bars formed 
into flanged half rings extending the length of the generator 
and electrically insulated from the graphite except in the 
current-carrying areas, as shown in Figure 2,10-3. The two bus 
bar^with an inlulating interface are bolted together to provide 
the necessary structure and also act as compensation for the in- 
duced currents generated in the liquid metal. 

Nozzle-Seoarator-Dif fuser. After the MHD generator it is 
neces sary t o leparate the li^id and gas components of the flow. 
This is accomplished by impinging the mixture tangentially onto 
the inner surface of a cone, as i.idicated in Figure 2.10-2, caus- 
ing the cone to rotate. The large centrifugal force concentrates 
the gas in the center of the cone. This method of separation ap 
pears to have significant advantages over a conventional 
plate separator. The slignt taper of the cone forces the liquid 
to move toward the exit diffuser at a controlled rate. A single, 
approximately 90-degree large radius bend is used after each 
nozzle to direct the mixture tangentially to the rotor. 
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In principle, the nozzle-diffuser system can be used to al- 
low the gas to "pump" the liquid back to the mixer pressure thus 
eliminating the need for a separate liquid pump. In the nozzle 
the gas-liquid mixture is accelerated so that the liquid acquires 
sufficient kinetic energy to overcome the separator and pipe 
losses and recover the mixer pressure in the diffuser. 

DESIGN AND COST BASIS 

A liquid-metal MHD power module is shown in Figure 2,10-2. 

In costing these components, definitive information is available 
only for the magnet system. The other major components are in a 
first-iteration conceptual stage with other alternatives of me- 
chanical design and resolution of detail yet to be considered. 

The estimated cost of these components was determined by approxi- 
mating their weights and applying appropriate rates for cost per 
pound for raw materials and fabrication based on a recent cost 
study for fusion power plants, as tabulated in Table 2.10-2. 

Table 2.10-2 

RAW MATERIAL AND FABRICATION COSTS USED FOR 
ESTIMATING COSTS OF 
MIXER/GENERATOR/SEPARATOR TRAIN 

Price 

Component ($/lb) 

Generator 

Copper raw price 1.50 

Copper fabrication 2.50 

Total 4.00 

Graphite raw price 4.00 

Graphite fabrication 2.00 

Total 6.00 

Mixer 

Raw inconel 3.00 

Fabrication 9.00 

Total 12.00 

Separato r 

Inconel + SS 3.00 

Fabrication 6.00 

Total 9.00 
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Recent procurements by the Argonne National Laboratory of 
fully stabilized Nb-Ti superconducting saddle magnets indicate a 
cost of about $1.50/k amp-ft ($4.92/k amp-m) for conductor ma- 
terials and winding. The 7-meter-long, 1.13-tesla magnet for the 
base case designed for a current of 5000 eimps and a current den- 
sity of 5000 amps/cm2 requires approximately 1300 turns for a 
1.83 meter bore or about 125,000 k amp-ft (38,100 k amp-m). The 
cost of the winding and conductor was thus rounded out to $200,000. 
The weight of the windings, assuming the mean density to be that 
of the copper stabilizer (8,9 gm/cm^) was determined by the em- 
pirical formula for "crescent" saddle magnets: 

— LTmetersr^ " (-oVj) B D + [B/6,3(f) (107/J) ] ; 

where B is in tesla, D is the bore diameter in meters, J is am- 
peres per square meter, and f is the winding factor. The weight 
of the restraining structure was calculated by Mg (kg) = 2.36 x 
10“5 Wb, where Wb is the stored energy of the field in joules. 

The resultant weight. Mg, appears rather optimistic and was 
therefore utilized as the weight per meter length of the magnet 
instead of the total weight. The cryostat diameter, and thereby 
its weight, was estimated by the relationship B = Pq Jcf, where 
c is the maximum winding thickness in meters and Uq is the per- 
meability of free space. The cost of the cryostat and structure 
was conservatively assumed to be $300,000. Summing the weights 
of the winding, structure, and conductors; the total cost per 
pound for the assembly is $14.7 for the base case. The magnet 
costs for the other cases were calculated as the magnet weight 
times $14. 7/lb ($32, 41/kg). A single complete refrigeration unit 
including liquefier, purifier, 500-liter Dewar, and local trans- 
fer lines in the 25 watt heat load range for 4.2 K liquid helium 
service is currently priced at $150,000, Although a central re- 
frigeration plant consisting of several large refrigeration units 
run off large compressors would be more economical than individual 
units for each power module, the cost of a single unit was assumed 
for each module. 

The base case was estimated as outlined and the remaining 
system cases scaled accordingly. The resulting power module 
weights and costs for all cases are given in Tables 2,10-3 and 
2.10-4, respectively. 

In the above costs neither indirect costs nor projected com- 
ponent replacement costs due to limited lifetime have been in- 
cluded, With the recognition of periodic component replacement 
requirements and with appropriate design to accommodate the ne- 
cessary maintenance, an additional cost for the power plant could 
be the price of one set of spare components to maximize plant 
availability and allow repair of the worn component at nominal 
cost without requiring plant shutdown during the repair operation. 
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Case 1/2 

Case 3 

Case 11 

Case 12 

Case 13 

Na-600/300 

MWe 

Na-1200 

MWe 

Li-1400 F 

Li-1500 F 

Na-100 atm 

17.000 
3,000 

14.000 

24,700 

6,200 

17,800 

16,800 
2, 900 
14,600 

16,700 
2, 000 
14, 000 

18,200 

3.200 

9.200 

42,600 

54,200 

59,000 

115,000 

42,200 
56, 500 

40,700 

54,500 

26,000 

36,000 

7, 000 

12,000 

8,500 

10, 500 

13,500 

11,000 

18,000 

13,200 

16,500 

21,000 

148,800 

252,700 

154,700 

155, 700 

127,100 

13/7 

14 

14 

14 

14 

877. 3/472.6 

1605.2 

982.7 

989 

807.4 


Case 17 
Gas 

Turbine 

26,700 

6,500 

18,200 

58,500 

104,000 

16,000 

25,000 

254,900 

9 

1040.8 




















Table 2.10-4 


POWER MODULE COSTS 




Case 1/2 

Case 3 

Case 11 


Na-600/300 

MWe 

Na-1200 

MWe 

Li-1400 F 

Magnet & cryo- 
stat refriger- 
ation 

$ 

650,000 

$ 885,000 

$ 654,000 

Generator 


521,000 

937,000 

531,000 

Mixer 


85,000 

146,000 

204,000 

Separator 
nozzle— diffuser 


100, 000 

164,000 

290,000 

Supports, insu- 
lation assem- 
bly & instru- 
mentation 


200,000 

200,000 

200,000 

Total cost 
per unit 

$1, 

556,000 

$2,312,000 

$1, 879,000 

No. of units 
(power modules; 


13/7 

14 

14 

Total cost 
(millions) 

$20 

. 2/$10. 89 

$32. 37 

1 

1 $26.31 

1 


Case 12 

Case 13 

Case 17 

Li-1500 F 

Na-100 atm 

Gas Turbine 

$ 602,000 

$ 600,000 

$ 905,600 1 

512,000 

334,000 

814,300 

252,000 

163,000 

194,000 ' 

363,000 

191,000 

228,000 

200,000 

200,000 

200,000 ; 

$1,929,000 

$1,488,000 

$2,401,900 

14 

14 

9 

$27.0 

$20.8 

$21.6 



















RESULTS 


Table 2,10-5 summarizes the principal design parameters and 
results of calculations of efficiencies and overall costs ""«r all 
cases studied here. Table 2.10-6 summarizes for all cases uhe 
void (helium) fractions in flows at the generator entrances ( 02 ) 
and exits (a 3 p) , the mass flow rates of helium (MG) and liquid 
metal (ML ) , the machine efficiencies of the mixer and MHD gen- 
erator combinations, and the powers produced by the MHD genera- 
tors or absorbed in the helium compressors and liquid metal pumps. 

Table 2.10-2 gives material and fabrication costs used in 
estimating costs for the mixer/generator/separator train. Tables 
2.10-3 and 2.10-4 give estimated weights and costs for the mixer/ 
generator/separator power modules; of all systems. (The same MHD 
power module is used for Cases 1, 2, 4-10, 15 and 16. Case 2 re- 
quires 7 MHD power modules; the others in this group use 13.) 

Table 2.10-7 summarizes the principal design parameters and 
calculated outputs for the base case. Case 1. 

Table 2.10-8 gives detailed breakdowns of calculated costs 
for all cases studied. 

Discussion of Results 


Table 2.10-9 details the auxiliary power losses for all cases 
studied. 

A review of the results tabulated in the lower part of Table 
2.10-5 indicates that these systems might be divided for discus- 
sion into four groups: (1) the atmospheric fluidized bed fired 

Cases 1-5 and 11-16; (2) the pressurized furnace and pressurized 
fluidized bed fired Cases 6-10; (3) Case 17; and (4) Case 101. 

The first group, which includes the base case, show a total 
cost of electricity near 90 mills/kWh (except for Case 12 at 111) , 
which is about 3 times that for advanced steam cycles. Of this 
cost, 75 to 80 mills/kWh usually is contributed by capital charges. 
The thermodyncimic efficiencies of these systems range over 0.43 to 
0.47 and the overall (coal pile to bus bar) efficiencies range 
over 0.34 to 0.39, with only the higher temperature lithium cy- 
cles doing much better than 0.36, Thus, despite their higher 
costs, these systems are little or no more efficient than more 
conventional steam systems. 

It appears that within this group only the higher peak tem- 
peratures (and consequent shift to lithium liquid metal from 
sodium) of Cases 11 and 12 and the lower furnace efficiency of 
Case 5 (North Dakota lignite) produce significant changes in costs 
or efficiencies. This fact reflects the fixed system configura- 
tion and the care that has been taken to select most parameters 
of this configuration near optimum values. 


Table 2.10-5 


PARAMETRIC VARIATIONS FOR TASK I STUDY 
CLOSED-CYCLE LIQUID METAL MHD 


Paramalars 


I 

3 

4 

i 

• 

7 

8 

» 

10 

11 

13 

IS 

14 

19 

II 

IT 


Powtr Output iMWai 

4B« 

243 

H72 

416 

446 

1144 

12t>3 

1230 

471 

«63 

484 

486 

48‘t 

47* 

486 

477 

400 

468 

Furnaci. Coal and Con*ar»ion Procaij 

AKH 



AKH 

AKH 

PK 

PK 

PK 

PK 

<PK H). 

AKH 









Uirwcl 


*' 

Direct 

Oire-vl 

1 Hlu 

1 P(u 

UItu 

MHtki 

tMrrei 








*■ 

ToBiinQ Cycle 



















Duel Inlal lamiiaralurt l*’FI 
Liquid mdal 

















1300 

nun 





































Praitura iduct inlati latmi 
Prtssurt ratio 
Magnetic lieid IFI 
Electric load parameter 







































0. »T 










1. 84 




0 83 

1. 1 












0. H 

0.03 

0.6 . 


















Input heat aichanger pressure drops 










































Steam generatoriprecooler 
HelApIp psil 
Staam Bottominq Cycle 





































Turtane inlet temperature I^Fl 




































IMNi 


3bOO - 


















Maximum leadwater temperature l^l 


















117 
















DCT 

wrT 

wri 


PF Parameters 
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1.8 

1. i 

1.4 

Excess air Ipercenti 
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14 



10 


-- 

-■ 

•• 



-• 


" 

Pressure ratio 

- 




-- 

10 
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Furnace gas exit temperature |PFI 
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Actual Powerplant Output iMWei 


2*1 

4»2 

*64 

*•• 

IU6 

120) 

12)0 

4M 
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*64 

*86 

*84 

• 74 
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*77 

404 
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«>ol 

*1.1 

*) e « 

**.6 

4). 6 

*>•• 

*).* 

*1,1 
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*).• 
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0,|T 
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l,*6 
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1.11 
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Plant Capital Cost it millionl 

ItBO 

ttl 

2*44 

1112 

1144 

1646 
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1014 

1206 

12)0 
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12*1 
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Plant Capital Cost it/kWei 

Cost of Elactricity. Capacity Factor • 0.65 


2)46 

2»6* 

2*)T 
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Compressor 

Power 

(MW) 


Liquid Metal 
Pump Power 
(MWe) 


612 
306 
1224 
609,2 
610 . 9 
609 . 9 
604.5 
612 . 0 
612 . 3 


412 , 9 
206 . 4 
825 . 7 
394 . 9 
382 . 2 
403 . 4 
418.2 
428 . 4 
884 


75 . 9 
37 . 9 

151 . 7 

76 . 
70 . 
76 . 9 

64 . 4 
















Table 2.10-7 


SUMMARY SHEET 

LIQUID METAL MHD BASE CASE 

CYCU PAKAMtTtR PtWOBMAIC{ AHD COST 


Power OuWut iMWei 

486 

Furnace. Coal, and Conversion Process 

Almospfienc tiuidized bed 

Illinois No. 6 

Oired 

Tupping Cycle 

Dud inlel temperature i^i 

1300 

Liguid metal 

Na 

Inert gas 

He 

Pressure idud inicti iaimi 

SO 

Pressure ratio 

4 

Magnetic field iTi 

1.2 

Elednc load parameler 

Input heal eicnangcr pressure draps 

0.4 

He lOprp psii 

0 02S 

Na. Li lOp psii 

to 

Compressor efficiency 
Steam gcncratoriprecooler 

0.88 
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0.02S 
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Turtine inlet temperature IfNi 

lofwioao 

lurtine inicl pressure Ipsil 
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Maiimuin feedwater temperature |ff i 
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1 
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Coal lIliftINhl 0.87 
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Cooling 0.34 

Processing 0 

Makeup 0 

NO, suppression 0 
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O.ScOx IL* 


RTTBODUCE'iHiirY OF TH] 
lit"-' ,'. ;^\GM IS pooa 
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CAPITAL COST DISTRIBUTIONS FOR CLOSED-CYCLE LIQUID METAL MHD 


MAJOR COMPONCNtS 

cmi 

CASE NO. 

11 

12 

IS 

14 

1* 

1* 

IT 

101 

MHO 6CN>0IFFUSE* 

MM» 

IS.« 

11.* 

12.4 

II. 1 

ll.B 

11.1 

IS.* 

11.1 

masnet 

MMi 

«.2 

R.4 

1.4 

1.4 

a.4 

1.4 

1.1 

1.4 

LIOUIO MeTAL MUMP 

MMt 

1*.S 

lt.4 

1*.* 

2B.S 

2*.0 

21.0 

S*.4 

0. 

HELIUM AeCUPERATOM 

MRS 

0. 

0. 

0. 

0. 

0. 

0. 

14.0 

0. 

PPECOOLEA 

MMS 

0.* 

0.2 

O.T 

0.* 

0.* 

0.* 

1.1 

0.* 

compressor 

■OTTOMINO CtCLE 

MM* 

I5.S 

1*.» 

l*.t 

14.4 

1*.4 

14.S 

0. 

1«.2 

steam ROilER 

MM* 

11.2 

10. S 

12. S 

12.0 

12.4 

12.4 

0. 

14.T 

HELIUM TURB.COMP MMt 

PRIMARY heat input AMO FUEL SYSTEM 

0. 

0. 

0. 

0. 

0. 

0. 

20.0 

0. 

FURNACE MODULES 

MM* 

•T.8 

212.4 

*0.1 

♦l.T 

»*.0 

*S.0 

**.* 

42.* 

HIGH temp air preheater 

MM* 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

LOW Temp air preheater 

MM* 

2.0 

l.« 

2.1 

1.* 

2.1 

2.1 

2.1 

2.S 

PRESSuRIeING gas turbine 
IC 0Mp.6EN.HEAT EXCH| 

MM* 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

gasifie* (Including boost 

steam TURB.COMP 

MM* 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

SUB.TOTAl of M*J0R COMPONENTS 

balance of Plant 

MM* 

1A0.2 

2SS.t 

IIB.« 

I2L.I 

IS4.I 

11*. T 

1*4. « 

11*.* 

COULING tower 

MM* 

*.S 

4.1 

4.S 

4.S 

4.S 

*.4 

4.* 

4.S 

DC TO AC INVERTERS 

MM* 

lOT.O 

lOT.O 

10*. 0 

10*.* 

10’. 2 

I0T.2 

10*. 4 

122.4 

ALL OTHER 

MM* 

2I0.B 

2(0. ( 

210.* 

2I0.1 

210.4 

211.* 

2BS.T 

210.1 

SHE labor 

MM* 

TI.2 

TS.2 

TS.2 

TS.2 

TS.2 

T4.2 

T*.2 

TS.2 

SUB'TUTAL of balance of plant 

MM* 

AiS.S 

4*S.S 

44*. S 

4*S.S 

4**.* 

441.* 

*T».4 

4*0. T 

contingency 

MM* 

12*. 1 

1*0.2 

IIT.l 

IIB.O 

120.1 

120. T 

124.* 

120.0 

escalation costs 

MM* 

214.* 

2*T.( 

200.1 

202.4 

20*. 0 

20T.1 

21T.0 

204.0 

|NTE*kST during construction 

MM* 

2*4.4 

SIT.* 

24T.4 

244.4 

2SS.1 

2s*.l 

24T.S 

2*S.T 

total capital cost 

MM* 

122t.T 

|4T*.« 

11*0.* 

II**.* 

1110. 1 

11*4.4 

I24S.I 

IIT*.* 

MAJOR components cost 

*/(WE 

110. 1 

*IB.4 

241.} 

24S.S 

2TT.* 

2*2. T 

SOI.* 

2IS.T 

balance of plant 

l/tur 

**«.0 

<*T.* 

«*S.( 

**(.* 

*>!.* 

*11.1 

*S4.* 

*40.0 

contingency 

*/(WE 

2ST.B 

SO*. 2 

2S«.4 

244.4 

24T.2 

2*1.1 

T4B.T 

214. T 

escalation costs 

*/(WE 

442.4 

*10.* 

410.* 

422. B 

42*. 1 

414.4 

42*. T 

S41.* 

INTERtST during CONSTRUCTION 

*/(WE 

5*4.* 

**!.* 

>04.0 

*20.* 

*22.* 

*lf.S 

*2*.* 

4SS.* 

TOTAL capital COST 

*/«wE 

2SS4.2 

S0I«.2 

2S*S.4 

2422.4 

242*. T 

24(*,T 

2**4.} 

2110. 1 
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CAPITAL COST DISTRIBUTIONS FOR CLOSED-CYCLE LIQUID METAL MHD 



CASE NO, 

1 

2 

S 


5 

6 

7 

1 

f 

10 

M«J0M components 












PPIME CTCLl 












MHO OEN-DIPPUStP 

M«S 

II. t 

1.1 

20. S 

II. 1 

M.l 

II. 1 

11.1 

11.1 

11.1 

11.1 

magnet 

M«i 

I.A 

6.1 

12.1 

1.4 

• «4 

1.* 

1.4 

1.4 

1.4 

1.4 

LIQUID PEIAL PUMP 

MVf 

Jt.O 

11. s 

45.1 

21.0 

21,0 

2«.0 

21. 0 


21.0 

21.0 

HELIUM PeCUPEPATOP 

MNl 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

PPfCOOLfP 

MMft 

o.s 

0.2 

1.0 

0.5 

0,5 

0.5 

0.5 

0.5 

0.9 

0.5 

COMPPESSOP 

MNf 

U.A 

10.1 

25.4 

16.4 

l6.» 

16.4 

16.4 

16.4 

U.4 

l6.4 

bottoming Cycle 












steam boiler 

nm 

w.ft 

6.) 

25,2 

12.6 

‘2,6 

12.6 

12.6 

12.6 

12.6 

12.6 

HELIUM TjPB-COMP 

MNl 

0. 

0. 

0. 

0. 

0, 

0. 

0. 

0. 

0. 

0. 












FURNACE nodules 


ss.o 

2T.S 

ITO.O 

54.6 

56.5 

15.1 

15.1 

15.5 

20.2 

5T.4 

HIGH TEMP A|P PPEHEATEP 


0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

LOW TEMP AIR PREHEATER 


2.1 

1.0 

4.1 

2.1 

2.1 

N' • 

0. 

0. 

0. 

0. 

PRESSuRIeING gas TURBINE 
ICQMP-GEN.HEAT ElCHl 


0. 

0. 

0. 

0. 

0. 

61.1 

65, T 

6T.1 

T.l 

26. T 

gasifier iincluoing boost 

STEAM TURB'COMP 


0. 

0. 

0. 

0. 

0. 

111.1 

216.1 

241.5 

0. 

0. 

suB'Tutal of Major components 


llA.t 

T2.6 

244.1 

154.4 

1*6.1 

551. T 

5T5.4 

400.4 

105. T 

161. T 

balance of Plant 












COOLING TOMER 

MN| 

«.l 

2.2 

1.6 

4.5 

4.5 

4.5 

4.5 

4.5 


4.5 

OC TO AC INSERTERS 

NN| 

IOT.2 

93, « 

214,5 

IOT.2 

lUT.2 

IOT.2 

IOT.2 

IOT.2 

lOT.E 

IOT.2 

ALL OTHER 

Mtift 

210. 1 

1S1.4 

561. T 

211.1 

211.1 

501.5 

551.1 

551.1 

2T4.0 

2T4.0 

SHE L>!>0R 

MN| 

T1.2 

Jl.Y 

146.4 

T5.6 

T5.4 

TB.l 

TA.I 

T6.1 

66.2 

66,2 

sub-total of Balance of plant 

MMf 

AAS.S 

246.1 

151.2 


466.1 

410.1 

52T.4 

52T.4 

*51. T 

*51, T 

contingency 


120.1 

6S.1 

215.0 

120.5 

120.6 

161.5 

110.2 

115.6 

111.5 

122. T 

escalation costs 

MN| 

206.0 

11.1 

4T2.I 

206.5 

206.1 

211.1 

501,1 

511.4 

151.1 

210.5 

INTFRtST during construction 


2S1.R 

106.6 

612.4 

254.2 

254.1 

556.2 

510.1 

512.2 

116.0 

251.5 

total capital cost 

HN| 

UlO.l 

S1I.6 

2414,1 

1112.0 

1115.4 

1656.5 

ITTO.l 

1125.1 

1014. T 

1205.1 

mAjOR COmPONERTS cost 

s/(wr 

2TT.S 

211.0 

251.1 

2TT.I 

2'1.6 

506.4 

510.5 

125.6 

IIS.I 

244.2 

balance of plant 

S/(hF 

ISl.S 

lOlT.T 

151.2 

162.6 

1»5.T 

42T.T 

451.5 

421.1 

Tll.l 

612.1 

contingency 

S/AWY 

26T.2 

26S.I 

241.1 

241.0 

2*6.1 

146. 1 

141. T 

150.1 

115.2 

115.5 

escalation costs 


624.1 

ITT. 6 

416.0 

425.4 

425.6 

251.1 

256.1 

251.1 

210.0 

51T.1 

INTERLST during construction 

l/AWf 

S22.S 

4S1.I 

610.1 

524,1 

521,1 

510.5 

516.5 

511.1 

525, T 

511.6 

TOTAL capital COST 

1/<WF 

2421.T 

2I1T.0 

256T.1 

245T.2 

2426,5 

1445.5 

14T1.T 

>415.0 

ITYT.I 

1121. 1 


rkpkoducibiliiy of the 
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Table 2.10-9 


POWER OUTPUT AND AUXILIARY POWER DEMAND 
FOR BASE CASE AND PARAMETRIC VARIATIONS: 
CLOSED-CYCLE LIQUID METAL MHD 


CASE V 

pbihe Cycle poweb output 

eOTTONiNO CYCLE POWEfi OUTPUT 

EUBN»CC POWEB OUTPUT 

balance of PLANT AUX. POWEB BEO'O. 

FUBNACE'AUX. power BEO'D. 

transfobmer losses 

inverter losses 

NET station output 

CASE 

pbime Cycle poweb output 
bottomins cycle power output 
Furnace power output 
balance of plant AUX. POWER BEO'D. 
furnace AUx. power REO'O. 
transforner losses 

INVERTER LOSSES 
NET STATION OUTPUT 


). 

1 

2 

} 

6 

5 

MW 

iib,2 

268.1 

1072.) 

5)6.2 

5)6.2 

Hk 

0. 

0. 

0. 

0. 

0. 

MW 

0. 

0. 

0. 

0. 

0. 

MW 

II. 1 

S.7 

21.1 

11.2 

10.1 

MW 

26.0 

IS.O 

SI. 9 

26.6 

26.2 

MW 

2.7 

1.1 

S.A 

2.7 

2.7 

MW 

10.7 

*.* 

21.6 

10. T 

10.7 

MW 

A(S.7 

262.6 

97t,8 

685.0 

688.5 

1 . 

II 

12 

1) 

16 

15 

MW 


SJ6.9 

5)9.9 

527.6 

5)6.2 

MW 

0. 

0. 

0. 

0. 

0. 

Mw 

0. 

0. 

0. 


0. 

Mw 

II. 1 

II. 1 

II. 1 

11.1 

11. 1 

MW 

2S.2 

26.5 

26.6 

26.6 

26.0 

MW 

2.7 

2.7 

2.7 

? • 6 

2.7 

MW 

10.7 

10.7 

10. t 

10.6 

10.7 

MW 

ars.e 

68S.9 

611.9 

678.7 

685.7 


6 

7 

8 

9 

1 

5)6.2 

5)6.2 

5)6.2 

5)6.2 

5)6 

0. 

0. 

0. 

0. 

0 

6)9.1 

695.1 

722.0 

59.5 

160 

11.1 

11.2 

11.) 

10.9 

1 1 

0. 

0. 

0. 

0. 

9 

5.9 

6.2 

6.) 

).l 

) 

10.7 

10.7 

10.7 

10.7 

10 

1 167.6 

120). 2 

1229.9 

571.0 

662 

16 

17 

101 



5)6.2 

567.9 

612.0 



0. 

20.) 

0. 



0. 

0. 

0. 



20.2 

11.1 

11.1 



26.0 

)6.7 

26.6 



2.7 

2.9 

). 1 



10.7 

11.0 

12.2 



676.6 

508.6 

559.0 
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The second group. Cases 6-10, sJ ow generally lower overall 
efficiencies and lower costs in niills/kwh or $/kWe than the first 
group. The lower efficiencies may be attributed largely to losses 
in either the integrated (Cases 6-8) or nonintegrated (Case 9) 
gasifiers. The lower costs occur because these systems consist 
effectively of gas turbine cycles operating in pa’ illel with the 
^D-steam cycles. The power generated by the furnace gas turbine 
is relatively inexpensive. MHD technology, however, is not likely 
to gain significantly from this '^‘ffect, for it appears that opti- 
mization of this type of system for lowest total cost of elec- 
tricity would result in little or no power production in the 
liquid metal MHD generator. 

The results for Case 17 have been disappointing because the 
expected lower overall efficiency (0.28) for this case has not 
been accompanied by expected lower costs. The larger mass flow 
of helium in Case 17 relative to Case 1 (about a factor of 2.7) 
results in a doubling of compressor power and a helium turbocom.- 
pressor that is somewhat more expensive than the steam driven 
compressor of Case 1. Similarly, the helium recuperator is some- 
what more expensive than the steam generator of Case 1. The re- 
duction in balance of plant costs associated with the change from 
steam to helium turbomachinory is significant, but not large 
enough to overcome those increases and other effects of lowered 
efficiency and lowered output energy per unit mass of helium 
circulated. 

The results for Case 101 show that slightly improved effici- 
ency (0.37) and significantly reduced cost of electricity (78 
mills/kWh) result from improved separator efficiency and elimina- 
tion of the expensive mechanical pumps for circulation of the 
liquid metal. 

The costs of d-c to a-c inversion of the liquid metal MHD 
generator output deserve special attention. The estimate used 
here, $200/kWe, is approximate and not well based on experience 
with any current conventiona?. technology. This estimate indi- 
cates the minimum cost that mxght result wirh relatively conven- 
tional t-’ectronic inversion device^ and carefully balanced cir- 
cuitry in the near future. Tlic true significance of this esti- 

however, is that use of that forseeable technology in this 
application would not be economically feasible. Thus liquid me- 
tal MHD shares with other technologies (e.g., batteries, thermi- 
onic energy conversion) producing d-c power at voltages under 
i having output devices with high shoit ciicuit current 

capability a need for new inversion techniques. 

The high cost of inversion of low voltage d-o power from 
systems having high short circuit current capacity arises in 
large part from the need to protect the inversion apparatus from 
serious damage in the infrequent cases when part or all of ttie 
apparatus fails to commutate current at an a-c current zero. 
Commutation failures are most often caused by current surges re- 
sulting from switching operations or lightning strikes on the 
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V 

a-c lines, but they might also be caused by component failures 
within the inversion equipment. To prevent dcunage in such events, 
the design used here segments the inversion equipment into inde- 
pendent modules of about 4 kcunp load current, each of which is 
protected by a d-c circuit breaker of about 40 kamp peak inter- 
ruption current capcUaility. Because each of these modules con- 
trols only a small power flow, near 1,5 MWe, the cost per kilo- 
watt inverted is high. 

There have been suggestions that the d-c circuit breakers 
are an unnecessary expense because the MHD generator would choke 
and the helium compressor would stall before deimaging currents 
could develop if all or a large part of the inversion equipment 
failed to commu^iate. This argument is correct as far as it goes, 
but it does not apply to commutation failures affecting only a 
small fraction of the inverters. The many modules used here and 
the large number of d-c breakers are needed to protect the system 
against the full range of probable failure modes. 

RECOMMENDED CASE 


Because even the best closed-cycle liquid metal MHD systems 
identified thus far appear to have efficiencies no better than 
those of steam systems and projected total electricity costs no 
less than 2 to 2.5 times those of steam systems, it seems pre- 
mature to go to detailed system design at this time. Work on 
improved systems, however, might start with a configuration like 
that of Case 101. 
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211 FUEL CELLS-LOW TEMPERATURE 


-1 


DESCRIPTION OF CYCLE 

Figure 2.11-1 is a schematic of the base case for low- 
temperature fuel cells. The base case was a solid polymer elec- 
trolyte (SPE) fuel cell. This case used high-Btu gas as the fuel 
entering the plant, but this fuel was converted to hydrogen be- 
fore it entered the fuel cell. In the fuel conversion process, 
the shift reactor converts carbon monoxide to carbon dioxide 
(with the addition of water) . The methanator converts the small 
remaining amount of carbon monoxide to methane because even small 
quantities of carbon monoxide are harmful to the performance of 
the SPE fuel coll. 

The hydrogen fuel (containing 3 percent by volume of methane) 
enters the anode side of the fuel cell, where most of the hydro- 
gen is consumed. The fuel purge, containing mostly methane (on 
a mass basis) , is returned to the reformer to satisfy part of the 
thermal energy requirements of the reformer. Except for the use 
of fuel purge, no integration was assumed between the fuel cell 
and the fuel conversion system. 

Air is used as the oxidizer on the cathode side of the cell. 
The air passes through a blower and into a humidifier-cooler, 
where it is preheated and saturated to the correct water vapor 
pressure for use in the fuel cell. The air passes through the 
fuel cell, where oxygen is consumed and product water is added; 
the air is then discharged to the atmosphere. 

The coolant strecim, which is water in the case of the SPE 
cells, is cooled by evaporation of a fraction of the water and 
by warming up the cooler air stream. Thus the humidifier-cooler 
serves to remove most of the fuel cell waste heat. 

High-Btu gas was selected as the fuel for the base case, as 
high-Btu gas is a possible future fuel to be pipelined to fuel 
cell plants. 

SPE Fuel Cells 


The base case and most of the paraunetric variations from the 
base case were with SPE type cells. 

Pareimetric variations included the substitution of hydrogen 
for the high-Btu fuel. This eliminated the need for the fuel 
conversion system, as hydrogen was assumed to be piped into the 
power plant from a remote hydrogen plant. Since the piped-in 
hydrogen was assumed to be dry, a humidifier had to be added to 
the incoming fuel streeun. 

Another variation for the SPE cell was the substitution of 
oxygen for air as the oxidizer (Case 8) . Case 8 is unique in 
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Note 

Pressure! Psial/TemperaturerF) / Flow Rote! x lO^Lb/Hr ) 


Figure 2.11-1. Low-Temperature Fuel Cell (base case) 







♦-hai- the ooeratinq pressure and temperature were increased and 
the mass flow of oxygen was the stoichiometric rate (there was 
pu?ge of the oxidizer stream from the cathode compartoent to 
the'^atSosphere) . In that case, the coolant 

fiashina a oortion of the cooling water stream, and all of the 
pi^wlt^rfinto low pressure steam (about p 
with a saturation temperature of 292 F [418 K] ) . This ®^e^, 
which represents most of the fuel cell waste heat, is available 
for integration with the hydrogen plant, if it 

at the power plant site. A potential exists for utilizing the 
waste heat from a low- temperature fuel cell, thereby reducing 
the cost of electricity. This possibility was not explored in 
the parametric variations. 

The base case current density, temperature, and electrolyte 
thickness were chosen as typical of the SPE cells. Variations 
above and below these values were examined in the parametric 

variations. 

Phosphoric Acid Fuel Cells 

Four parametric variations were calculated for phosphoric 
acid cells (Cases 12 through 15). For the phosphoric acid cases, 
the methanator shown in Figure 2.11-1 was eliminated, as the 
phosphoric acid cell is less sensitive to carbon monoxide. 

The phosphoric acid cell was assumed to operate at 375 F 
(464 K) and near atmospheric pressure. To achieve good perform- 
ance levels, the acid concentration in the matrix was ^ 

percent. This requires a vapor pressure of about 6 Psia (41 
m2) in the reactant streams; consequently, as shown in Figure 2.ii-i, 
a humidifier was used, followed by a heater to provide the cor- 
rect teirperature. The coolcint was changed to an 
to permit operation near atmospheric pressure at 375 ^ 

This permits thin-walled cooling passages within the fuel cell 
and reduces costs (compared with using water as a coolant) . 

ANALYTICAL PROCEDURE AND ASSUMPTIONS 

Hydrogen Purity 

The purity of hydrogen produced from high-Btu gas in an on- 
site reformer (as in the base case. Figure 2.11-1) 
to be 96 percent hydrogen by volume, on a dry basis, and satur 
ated with water at 165 F (374 K) . The hydrogen produced in a 
remote plant and piped into the power plant was assumed to be 
completely dry, and 98 percent hydrogen, at a temperature of 
59 F (288 K) . 

SPE Fuel Cells 

The performance flata used for the SPE cell were generated 
using the best demonstrated cell resistance. This has the ef e 
of optimizing cell performance within the demonstrated capabil- 
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ity. No allowances for diffusion losses were included; these 
losses could eunount to as much as 0.5 percent of the required 
fuel flow rates. Air flow rates were established at 2.5 times 
the stoichiometric oxygen requirement. Above this rate no fur- 
ther performance improvement is noted on test. This value may 
be found to be in excess of optimum when the blower energy is 
examined more closely. 

The hydrogen purge rates were set to hold the minimum hydro- 
gen mole fraction within the cell at 48 percent on a dry basis. 

An examination of test data with a wide variation in mole frac- 
tion at the inlet shows that the mole fraction of hydrogen may 
be reduced in the cell by a factor of two without affecting mea- 
sured cell performance. 

The concentration of carbon monoxide in the fuel in the or- 
der of 10 ppm was assumed to have no effect on performance of 
the SPE cells; this has been confirmed by test data. 

A primary assumption made for the SPE cell (also for the 
phosphoric acid cell) is that there will be no improvement in the 
performance over the best that has been experimentally demon- 
strated. The only assumption of improvement over present day 
practice is a decrease in platinum catalyst loading. Present- 
day minimum catalyst loadings (total of both anode and cathode 
loadings) are in the range of 1.2 to 1.5 g/ft2 (13 to 16 g/m2) 
while some of the performance data for this study were from SPE 
cells with 8 g/ft2 (86 g/m2) , The assumed catalyst loading for 
this study was taken to be 0.2 g/ft2 (2.2 g/m2) . This assump- 
tion is based on platinum surface areas now available (about 20 
mVg) f compared with the maximum surface areas that have been 
produced experimentally on substrates (about 150 m2/g) . The re- 
duction to 0.2 g/ft^ is considered feasible, without a degrada- 
tion in performance or life, assuming that further research and 
development in this area is carried out. The effect of changes 
in catalyst loading on costs is covered in the following section 
"Design and Cost Basis." 

The efficiency of the inverter (including transformer losses) 
was assumed to be 98.2 percent for output power levels less than 
60 i'lW, and 98.5 percent for greater than 60 MW, to accour.t for 
increased transformer losses in smaller sizes. 

Phosphoric Acid Fuel Cells 

Data that were available on phosphoric acid fuel cells were 
from General Electric Company tests that were performed in 1968 
and earlier. It is understood that more recent proprietary de- 
velopment. by other organizations has improved both the perform- 
ance and life from these earlier tests. Because precise recent 
data weie not available, performance characteristics of the SPE 
cell were used, even though that performance is somewhat better 
than what is understood to be the performance now forecast for 
phosphoric acid cells. 
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The analytical procedures used were similar to those used 
for the SPE except, that the reactants were humidified to a par- 
tial pressure permitting operation of the cells at 98 percent 
acid concentration. No provision was made for methanation as it 
is understood that 0.5 percent CO can be tolerated at 375 F 
(464 K) . No performance penalty was taken for the effect of the 
CO. Considering the 1968 General Electric data and the very low 
purge rates used in this study, this is an optimistic assumption. 
Further development tests may well show that the CO may have to 
be reduced by methanation or partial oxidation. 

Catalyst loading for the phosphoric acid cells was assumed 
to be the same as for the SPE cells. 

DESIGN AND COST BASIS 


Hydrogen and Oxygen Costs 

For this study, the cost of hydrogen piped in from a remote 
plant was $2. 53/million Btu ($2. 40/billion J) . For this piped- 
in hydrogen the composition was taken to be: 

Composition, percent 
By Volume By Mass 

98 84.27 

CH. 1.6 10.95 

4 

N 2 0.4 4.78 

100.0 100.00 


The higher heating value of hydrogen is 61,031 Btu/lb (142 MJ/kg) , 
and of methane is 23,890 Btu/lb (55.6 MJ/kg), giving a higher 
heating value of the mixture of 54,047 Btu/lb (125.7 MJ/kg). This 
value was used in determining the cost of piped- in hydrogen. 

Rather than making a detailed analysis of how the anode 
purge gas could be used to satisfy part of the heat reguirements 
of the reformer, a cost credit for the purge gas was allowed as 
follows. The dry-basis composition of this purge gas is 

Composition, percent by mass 
H 2 8.84 

CH 4 57.48 

N 2 33.67 

and the higher heating value of this mixture is 19,130 Btu/lb 
(44.50 MJ/kg). This heating value was multiplied by a cost 
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credit of $2. 00/million Btu ($1. 90/billion J) and by the dry- 
basis purge flow rate to calculate tne purge flow cost credit. 

For Case 8 , where oxygen was used as the oxidizer, the oxy- 
gen cost used was $9. 00/ton ($9, 92/Mg). This cost was provided 
by NASA. 

Reformer System 

The reformer system consisted of the four elements (reformer, 
shift reactor, CO 2 scrubber, and methanator) shown in Figure 
2.11-1. Capital costs for the reformer system were determined 
from the data in Table 2.11-1, provided by the Foster Wheeler 
Energy Corporation. 

Table 2.11-1 

CAPITAL COSTS FOR REFORMER SYSTEM 


Capacity 

Standard 

ft3/day Ib/hr 

On-Site 
Investment 
($ millions) 

Off-Site 
Investment* 
($ millions) 

Total 

Investment 
($ millions) 

25 x 106 

5,427 

6.25 

1.25 

7.50 

50 x 106 

10,850 

9.98 

2.00 

11.98 

100 X 10® 

21,710 

17.29 

3.46 

20.75 


♦Includes water treatment and waste disposal equipment, initial 
charge of catalyst and chemicals, etc. 


A reformer system with a capacity of 100 x 10^ standard ft^/ 
day ( 2.8 x IO 6 standard m^/day) is about the largest plant that 
can be built; plants larger than that would be built in modules. 

For purposes of this study, interpolations were made usinq data 
from Table 2.11-1. 

y 

For the phosphoric acid cell cases, the reformer system 
costs were reduced by 8 percent to account for the fact that the 
methanator is not needed to remove carbon monoxide for the phos- 
phoric acid cells. 

The efficiency of the reformer system (ratio of Btu/hr of 
product out to Btu/hr of high-Btu gas in) was calculated to be 
0.70. 

Fuel Cell 

The cost of the fuel cell stack was expressed on the basis 
of dollars per square foot of active cell electrolyte area. For 
the two types of low temperature cells studies, the overall fuel 
cell stack costs were: 
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• For the SPE cell, $15.12/ft2 ($i63/m2) 

• For the phosphoric acid cell, $14.40/ft2 ($155/m2) 

These costs do not include catalyst cost but do include ma- 
terials, manufacturing, and assembly labor for the following 
elements of the fuel cell stack: 

• Electrolyte 

• Anode 

• Cathode 

• Cooling passages 

• Frame 

• End plates 

• All other parts that make up the fuel cell stack 

Table 2.11-2 gives data on electrolyte areas, and sizes and 
weights of the fuel cell stack. 

Table 2.11-2 

DATA FOR FUEL CELL STACK 


Case 

Number 

Total Active 
Area of Cell 
Electrolyte 
(ft2) 

Cost per 
Unit Area 
($/ft2) 

Total Cost 
of Fuel 
Cell Stack* 
($ millions) 

Volume of 
Fuel Cell 
Stack 

(ft3) 

Weight of 
Fuel Cell 
Stack 
(lb) 

1 

315,600 

15.12 

4.77 

2362 

100,000 

2 

157,800 

15.12 

2.39 

1181 

50,000 

4 

315,600 

15.12 

4.77 

2362 

100,000 

5 

315,600 

15.12 

4.77 

2362 

100,000 

6 

315,600 

15.12 

4.77 

2362 

100,000 

7 

252,200 

15.12 

3.81 

2000 

80,000 

8 

827,200 

15.12 

12.5 

6200 

300,000 

9 

735,200 

15.12 

11.1 

5501 

240,000 

10 

309,100 

15.12 

4.67 

2350 

100,000 

11 

324,000 

15.12 

4.90 

2500 

104,000 

12 

315,600 

14.40 

4.54 

2950 

145,000 

13 

315,600 

14.40 

4.54 

2950 

145,000 

14 

733, 500 

14.40 

10.56 

6900 

335,000 

15 

252,200 

14.40 

3.63 

2400 

116,000 


* Not including catalyst 
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Cei^alyst Cost 


The cost of platinum catalyst was assumed to be $5,50/g, a 
cost near the 1974 market value of platinum. As discussed pre- 
viously, the platinum loading was taken to be 0.2 g/ft2 (2.1 g/m2) 
of active electrolyte area (this loading is the sum of the anode 
and cathode loadings). 

The total catalyst cost can be calculated by taking the pro- 
duct of the surface area from Table 2.11-2, the cost of $5.50/g 
and the loading of 0.2 g/ft2. 

Inasmuch as the platinum loading of 0.2 g/ft2 has not been 
demonstrated experimentally but rather is a projection from pres- 
ent practice, it is useful to predict the effect of changes in 
catalyst loadings. Figure 2.11-2 shows the effect of loading on 
the catalyst capital cost and on cost of electricity. Two cases 
are shown. Case 1 is for a relatively low power density (net out- 
P'lt: 152 W/ft2 (1640 W/m2] ) and Case 8 is for a high density (243 
W/ft2 (2620 W/m2] ) , From the figure it can be determined for 
Case 1 that an increase in loading from 0,2 to 1.2 g/ft2 will 
increase the cost of electricity by about 1.2 mills/kWh. 

Catalyst and Electrolyte Replacement 

The useful life of a low -temperature fuel cell is generally 
limited by degradation of the catalyst or electrolyte. After a 
period of some years, the electrolyte and catalyst must be re- 
placed. The estimated costs for replacement are given below. 

The replacement cost is divided into two elements. First, 
there is the reprocessing of the platinum. In this process there 
is a processing charge and a loss of platinum, which is estimated 
to be 2 percent of the platinum submitted for reprocessing. The 
estimated costs are: 

Processing = $0.46/g 

Loss (0.02 X $5, 50/gram) * $0. 11/g 
Total reprocessing cost = $0.57/g 

This reprocessing cost is estimated to be the Scune for the SPE 
and the phosphoric acid cell. 

The second cost element is the materials and labor charge 
to disassemble the cells, replace the electrolyte and other parts, 
and reassemble the cell. The estimated costs for the SPE cells 
are: 

Electrolyte material = $2.15/ft2 
Labor . $5.00/ft^ 

Total . $7.15/ft2 ($77.00/m2) 
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Catalyst Loading (Sum of Anode and Cathode) (grams/ft^l 


Figure 2.11-2. Effect of Change in Catalyst Loading 


It was not possible to estimate accurately the labor and 
materials costs but a crude analysis led to about the seune cost 
for the phosphoric acid cells as for the SPE cells. 

The catalyst and electrolyte replacement costs are therefore 
estimated to be $0.57/g of platinum, plus $7,15/ft2 ($77.00/m2) 
of active electrolyte area, for both types of cells. 

The period of time between replacements is difficult to es- 
timate because of the lack of experimental data over long periods 
of time under operating conditions. For the phosphoric acid cell 
the period of 40,000 hours of operation was chosen, as this is 
believed to be the goal of present development. For the SPE cell 
a period of 100,000 operating hours was selected because long- 
term tests have been conducted at 180 F (355 K) for up to 34,000 
hours, with no sign of performance deterioration. For those 
cases operating near 180 F, the extension of time by a factor of 
three should be realistic. For the higher temperature Case 8 
(300 F or 472 K) , there was less justification for selecting 
100,000 hours. However, there have been life tests at this ele- 
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vated temperature for up to 800 hours, using a newly developed 
electrolyte material. In these tests, degradation of the elec- 
trolyte polymer (the normal failure mode for earlier electrolyte 
materials) was carefully monitored and no products of degradation 
were found. 

In order to determine the effect of changes in replacement 
period. Figure 2.11-3 was prepared. This figure can be used to 
determine, for example, the cost effect of reducing the 100,000 
hour period for Case 8 to some lower number, say to 30,000 hours. 
At a 30, 000- hour replacement period, the contribution of catalyst 
and electrolyte replacement to the cost of electricity will rise 
to 1%0 mills/kWh, compared with 0.3 mills/kWh at the assumed 
period of 100,000 hours for Case 8. 

Oxygen Case 

In Case 8, oxygen was used as the oxidizer. One reason for 
this is that the fuel cell plant is assumed to be located near 
the plant that converts coal to hydrogen, and this hydrogen plant 
also needs an oxygen supply. Thus, one oxygen plant could supply 
both the hydrogen plant and the fuel cell power plant. 

A unique characteri itic of Case 8 is that it is the only one 
in which steam can be produced conveniently and in large quanti- 
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Figure 2.11-3. Effect of Fuel Cell Life 



ties. In the SPE cell, there is no vapor pressure suppression 
(as in the phosphoric acid cells) , and product water collects in 
the cell at the cell operating conditions of 115 psia (793 IcN/m*) 
and 300 F (422 K) , This water can be collected and flashed into 
steam at about 292 F (418 K) and a saturation pressure of about 
59 psia (407 kN/m2) . In addition, the separate stream of cooling 
water circulating through the cell can be partially flashed to 
steam to join the product water steaun. The water not flashed to 
steam is returned to the cooling water loop. Thus, almost all of 
the waste heat from the fuel cell appears as the latent heat of 
steam, which could be used in fuel conversion or other processes. 

A complete integration of the fuel cell and the hydrogen 
plant was beyond the scope of this contract. However, some op- 
portunity for integration does exist, and an approximate evalua- 
tion indicated that about one-third of the steam produced could 
be used in the hydrogen plant. To approximate the cost savings 
of integration, it was assumed that a cost credit could be allowed 
for one-third of the steam produced by the fuel cell. The credit 
allowed for each 1000 pounds of steam used was 1. 35 multiplied 
by the fuel cost in dollars per million Btu. This is a typical 
figure for industrial steaun, saturated and at pressures under 
100 psi (690 kN/m2) . For a fuel cost of $2. 00/million Btu, the 
credit aunounted to $2.70/1000 lb of steam ($5.95 per 1000 kg) , 
and this is the figure that was used. 

Table 2.11-3 shows the effect of allowing this steam credit. 
The table also shows a cost breakdown, and illustrates the effect 
of an increase in catalyst loading from the 0.2 g/ft2 (2.2 g/m^) 
assumed in the study to 1.2 g/ft2 (13 g/m2) that is typical of the 
minimum loading for present commercial units. It can be seen 
from the table that the steam credit is relatively large, and 
that integration between the fuel cell and the hydrogen plant is 
essential from a cost standpoint. If a use could be found for 
any part of the remaining two-thirds of the steaun, an even fur- 
ther cost savings could be realized. 

The steam credit was allowed only in Table 2.11-3, and not 
in the other cost data presented later. 

Current Inverters 


Costs for the d-c and a-c inverters were based up-'n present 
solid state technology that has been developed for high voltage 
d-c power transmission projects. 

Total inversion equipment costs in 1974 dollars, including 
installation, are as follows for various plant ratings: 


Plant Rating in MW 

25 

5u 

200 


Dollars per kW at High 
Voltage Terminal 

69 

58 

44 


reproduce 
()Rk;inal r. 


ri Y OF THE 
i, IS pa)R 
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Table 2.11-3 


FUEL CELL COST BREAKDOWN 

(Case 8, Solid Polymer Electrolyte [SPE] Cell with Oxygen) / 


r 

Results 

for 

Case 8 

Effect 
of Change 
in Platinum 
Loading 

Effect of Cost 
Credit by Using 
1/3 Steam Generated 
by Fuel Cell 

Platinum Loading 
(g/ft2) 

0.2 

1.2 

0.2 

Capital Charge, 
Catalyst 
(Mill/kWh) 

0.14 

0.86 

0.14 

Capital Charge, 
Other 

(Mills/kWh) 

7.56 

7.56 

7.56 

Fuel Cost 
(Hydrogen) 
(Mills/kWh) ♦ 

15.93 

15.93 

15.93 

Oxygen Cost 
(Mills/kWh) 

3.67 

3.67 

3.67 

Maintenance and 
Operating Charge 
(Mills/kWh) 

4.10 

4.10 

4.10 

Credit for Steam 
(Mills/kWh) ♦♦ 

0.0 

0.0 

(3.58) 

Totals (Mills/kWh) 

31.40 

32.12 

27.82 


♦Includes credit of 0.83 mill/kWh for fuel purge flow returned 
♦♦Steam credit of $2.70/1000 pounds of steam supplied 


This eguipment cost includes arrestors# valves and control eguip- 
ment, converter transformer, auxiliary power and motor control ^ 

center, capacitors, smoothing reactors, etc. Voltages are 
assumed to be 600 V on the d-c side, and 230 )cV on the a-c side 
(except for the nominal 25 MW system, for which the a-c side is 
at 69 kV). 

RESULTS 

Results for the study of low-temperature f^el cells are * 

tabulated in Table 2.11-4, which includes the major cycle input 
parameters. 
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Table 2.11-4 


PARAMETRIC VARIATIONS FOR TASK I STUDY 
FUEL CELLS-LOW TEMPERATURE 


Parameters 


Power Output (MWel 


Coal and Conversion Process 


Oxidizer 


Fuel Cell Type 


Current Density (A/ft^) 


Operating Temperature Imaximum) (°F) 


Electrolyte Thickness (inches) 


Actual Powerplant Output (MWel 


Thermodynamic Efficinecy (percent) 


Powerplant Efficiency Ipercent) 


Overall Energy Efficiency (percenti 


Plant 


Cost of Electric 


Capital Imills/kWh) 

Fuel Imills/kWhl 

Maintenance and operating (mills/kWh) 
Total (mills/kWh) 

Sensitivity 

Capacity factor -0. 50 (total mills/kWh) 
Capacity factor • a 80 (total mills/kWh) 
Capital A • 20 percent (Amills/kWh) 
Fuel A • 20 percent (Amills/kWhl 
Estimated Time for Construction (years) 





*Base case HBtu • High Btu N. D. - North Dakota 

III. • Illinois Phos • Phosphoric acid 

Mont • Montana SPE • Solid polymer electrolyte 























































Capital cost distributions are given in Table 2.11-5. 

A summary giving major cycle characteristics for the low 
temperature fuel cell base case is given in Table 2.11-6. 

Auxiliary losses and power outputs are shown in Table 2.11-7 

DISCUSSION OF RESULTS 


A number of observations can be made from the results shown 
in Table 2.11-4. 

When high-Btu gas is used as the fuel, the overall energy 
efficiency is extremely low (12. 7 percent for the base case), 
because of the double penalty of converting coal to high-Btu gas, 
followed by converting high-Btu gas to hydrogen. Further, the 
cost of fuel is very high (32.9 mills/kWh for the base case) be- 
cause of the high cost of high-Btu gas. 

When hydrogen is used as the fuel, the overall energy effi- 
ciency rises, and the fuel cost drops (see Cases 6 and 13, for 
example) . 

The highest overall energy efficiency (31.1 percent) and the 
lowest cost of fuel (19.6 mills/kWh were obtained with hydrogen 
and oxygen (Case 8) . (Note that the energy efficiency does not 
include the energy required to produce the oxygen, but the fuel 
cost does include the cost of oxygen; this is consistent with the 
approach taken in the open-cycle MHD system.) If the steam pro- 
duced in the hydrogen-oxygen cell can be utilized in the hydrogen 
plant, the cost of electricity could be reduced to 27.8 mills/kWh 
as shown in Table 2.11-3. 

The fuel cell costs of electricity, for those cases where 
hydrogen was the fuel, were characterized by very low capital 
costs and very high fuel costs. This would normally place the 
fuel cell in a peaking plant category from an economic stand- 
point. However, it should be pointed out that these economics 
are a consequence of assuming the hydrogen to be purchased "over 
the fence” at a certain cost per B^u. Therefore, the capital 
charges associated with the equipment that converts coal to hy- 
drogen are included in the fuel costs, and consequently appear 
to be a variable cost. If the capital cost of the hydrogen plant 
were included with the capital cost of the power plant, and if 
the fuel cost were only the cost of coal to the hydrogen plant, 
then the cost of electricity would not change, but the cost dis- 
tribution between capital and fuel would be more characteristic 
of a base load plant. 

There was very little cost difference between the SPE and 
the phosphoric acid cells; for example, the costs of electricity 
of comparable Cases 6 and 13 were 36.2 and 36.9 mills/kWh, re- 
spectively. 


Table 2.11-5 (Page 1 of 2) 

CAPITAL COST DISTRIBUTIONS FOR LOW-TEMPERATURE FUEL CELL 



CASE NO. 

1 

»(AJ0« CONPONEHtS 
PRIME CYCLE 

FUEL cell ST3CK 


4.1 

HUMIDIFIFP-COOLER 

MWf 

0.1 

C*T*L7ST 

nn% 

0.3 

(LOADISG GP6M/SO.FT.1 


10.21 

FURNACE AND FUEL PPOCES5ING 

FUEL PROCESSING 


10.5 

FUEL FRE^EATFR-HUMIOIFIER 


0. 

SUB-T07AL CF MRjCP COMPONENTS 

MMf 

15.7 

balance of plant 

COOllKG T3NFP 

MN5 

0. 

OC TO AC lN„fBTFRS 

HM» 

3.0 

ALL other 

M«s 

1.5 

site labor 

M«$ 

0.4 

sub-total of PAlAMCf CF plant 

MMf 

5.3 

contingency 

MN$ 

4.2 

escalation costs 

MMS 

2.1 

interest DJPINr. ONSTRIICTION 

«M» 

2.3 

total capital cost 

NM$ 

30.3 

nAjOP components cost 

t/<.F 

326.6 

balance oe Plant 

l/(t>E 

110.9 

contingency 


67.9 

escalation costs 

»/<nT 

58.9 

INTEMEST OJRINr. fCNST'rCTION 

»/<•! 

48.5 

TOTAL capital cost 

t/«N' 

634.8 


2 

4 

5 

6 

7 

a 

5 

10 

2.4 

4. a 

4.8 

4.8 

3. a 

12.5 

11.1 

4.8 

0.0 

0.1 

0.1 

0.1 

0.1 

0. 

0.0 

0.0 

0.2 

0.3 

0.3 

0.3 

0.3 

0.5 

0.8 

0.3 

10.21 

(0.21 

(0.21 

(0.21 

(0.21 

(0.21 

(0.21 

(0.21 

5.1 

10.5 

10.5 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.3 

0.3 

0. 

0.3 

0.3 

a. 4 

15.7 

15.7 

5.5 

4.4 

13.4 

12.2 

5.5 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

i.a 

3.0 

3.0 

3.0 

3.0 

9.0 

3.0 

3.0 

1.0 

1.5 

1.5 

1.5 

1.5 

7.3 

2.3 

2.0 

0.2 

0.4 

0.4 

0.4 

0.4 

1.4 

0.5 

0.4 

2.5 

5.3 

5.3 

5.3 

5.3 

17.7 

5.8 

5.5 

2.3 

4.2 

4.2 

2.2 

1.5 

6.2 

3.6 

2.2 

1.5 

2. a 

2. a 

1.4 

1.3 

5.7 

2.4 

1.5 

1.3 

2.3 

2.3 

1.2 

1.1 

5.6 

2.0 

1.2 

16.4 

30.3 

30.3 

15.6 

14.1 

48.6 

26.0 

15.8 

352.4 

32a. 6 

328.6 

ll4.8 

93.4 

66.5 

254.6 

114.0 

123.7 

110.9 

110.9 

110.9 

111.4 

88.5 

121.0 

114.0 

95.2 

87.9 

87.9 

45.1 

40.9 

31.1 

75.1 

4^.6 

63.9 

58.9 

58.9 

30.3 

27.5 

28.2 

50.4 

30,6 

52.5 

48.5 

48,5 

24.9 

22.6 

27.5 

41.4 

25.1 

687.7 

634.8 

634.8 

325.9 

295.7 

242.5 

542.5 

329.3 


\V ' 

OKlOUS 


idj 


. , • ' .mV T'IE 


It 


*.« 

0.1 

0.4 

( 0.21 

0 . 

0.3 

3.4 

0 . 

3.0 

2.0 

0.4 

5.5 

2.2 

1.5 

1.2 

16.0 

117. t 
114.7 

46.5 

31.2 

25.6 
335.7 
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Table 2.11-5 (Page 2 of 2) 

CAPITAL COST DISTRIBUTIONS FOR LOW-TEMPERATURE FUEL CELL 


1 

1 

j 

fASt 

12 

13 

lA 

15 


MAJPB COfTONfflJ 







PBIHt CVClf 






*• 

run crLi M»r« 

KMf 

A.S 

A. 5 

10.6 

3.6 


MU»"iririfi.-cnrirB 


0.1 

0.1 

0.0 

0.1 


catalyst 

HMf 

0.3 

0.3 

O.R 

0.3 


aOACl\r GR*r/Si.FT,) 


(».2I 

|0.2l 

(0.21 

(0.2) 

• 

FltBNACt. Ast FITL POl'CCSSING 







fuel paorfSsiNf. 

HWf 

S.3 

0. 

0. 

0. 


fuel PBiHt atfb-iiiimidifiep 


0. 

0. 

0. 

0. 


sur-jotal 3f *-4jri. rn»To»tisTS 


13.2 

A. 9 

11.5 

3.9 


HAiANCi Of Plant 







Cl't'LlOf- TSAff 


0. 

0. 

0. 

0. 


Ct TO AC |fvl “TfPA 


3.0 

3.0 

3.0 

3.0 


ALL OThEP 

MMf 

2.0 

2.0 

2.3 

E.0 

i 

site LAPPS 


O.S 

0.5 

0.5 

0.5 


simwtptal ?r PAiAfcr rF plant 


A.S 

5.5 

5.9 

5.5 

\ 

CONTINM NCY 


3.7 

2.1 

3.5 

1.3 


tSCALATlOI. (TSTS 


2.S 

I.A 

2.3 

1.3 


intebist ruoi*r. ccNSTHiCTion 


2.1 

1.1 

1.9 

1.0 


total capital fpST 

MVf 

27.0 

13.0 

2».0 

13.6 


MAJOR COF'P0NFf‘Ti COST 

»/<•** 

27P.7 

103.5 

2A1.7 

P3.1 


pALANCf OF Pi Ant 

%/<^L 

116.2 

1)6.2 

123. A 

116.2 


COOTINGENCY 

f /<•! 

79.0 

AA.O 

73.0 

33.9 


escalation COSTS 

»/<<•» 

S3.0 

29.5 

A9.0 

26.7 


INTFRfST ruRI'^G CnNSTFllCTION 

«/<ksr 

A3.S 

2A.2 

AO. 3 

22.0 


TOTAL capital cost 

%/*mf 

370. A 

317. A 

527. A 

2R7.9 
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TaUale 2.11-6 


SUMMARY SHEET 



FUEL CELLS— LOW-TEMPERATURE 

BASE CASE 




PFRFORMANCe AND COST 


CVCU PARAMEHR 






Thermodynamic elficiency ipercenli 


Net PoMT OuiBut WWei 

40 

Poirerplant etiiciency Ipercenli 

25.2 

Coal Type 

Illinois No. 6 

Overall energy etiiciency Ipercenli 

12.7 

Prime Cycle 


Plant capital cost I* x 1(A 

30 

OeWuer 

Air 

Plant capital cost i$/kWel 

634 

Fuel cell type 

Solid polymer electrolyte 

Cost ol electricity I mills/liWhl 

57.7 

Current density tA/tt^l 

230 



Operating temperature l*>FI 

170 

NATURAL RESOURCES 


Deciroiyie lliianess Unchi 

ao® 

Coal lltAWhl 

2.50 


Water iMiniWhi 
Total 

Cooling IH 2 plant cooling toaeri 0.® 

Processing IH^ planti 0. 31 

Fuel cell cooling and air hutnidilication 0. 33 

Land lacras/lOOMWel 8.3 


MAJOB COMPONOtT CHARACTtRISTICS 


Maior Component 

unit or Module 

Size mi Weight (Ibi 

IW X L lor Di X HI U llA 

Cost 

1$ X 1(1^1 

Units 

Required 

Total Cost 

IS X 10^1 

Fuel cell stack 

10 1 40 X 6 0. 10 

48 

1 

48 

Huiaidi tier -cooler 

10 x 40x 10 0.02 

0.1 

1 

0 1 


EWVIRONMEHTAl INTRUSlOW 




LWlO^-Btu 


UAWh 



Input 


Ou»ut 


SO? 

0 


0 


NOx ilrom H 2 pnxessl 

0.1 


5.7xl0'< 


HC 

0 


0 


CO 

0 


0 


Particulates 

0 


0 

t/kW 



ItuAWh 


Output 

Heal to water 


0 


too 

Heal, total rejectad 
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2.1 






Wastes 


None 



Table 2.11-7 


POWER OUTPUT AND AUXILIARY POWER DEMAND 
FOR BASE CASE AND PARAMETRIC VARIATIONS: 
FUEL CELLS— LOW TEMPERATURE 



CASE 

NO. 

I 

2 

A 

S 

6 

7 

8 

9 

10 

11 


PRIME Cycle power output 

MW 

52.1 

26. 0 

52.1 

52.1 

52.1 

52.1 

708.1 

52.1 

52.1 

52.1 

c. 

1 

BOTTOMING CYCLE POWER OUTPUT 

MW 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

1 

furnace power OUTPUT 

MW 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 


balance of plant aux. power reo'D. 

MW 

3.A 

1.7 

l.A 

l.A 

l.A 

1.6 

A. 6 

3.2 

1.3 

3.6 


furnace aux. power reo«d. 

MW 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. j 

• 

Transformer losses 

MW 

O.A 

0.2 

O.A 

O.A 

O.A 

O.A 

1.0 

O.A 

O.A 

O.A i 


inverter losses 

MW 

0.5 

0.1 

0.5 

0.5 

0.5 

0.5 

2.1 

0.5 

C.5 

0.5 


NET STATION OUTPUT 

MW 

AT.# 

21.8 

AT.# 

AT.i 

at. 8 

AT.6 

700.5 

AB.O 

AT. 9 

AT. 6 


CASE ■ 

0. 

12 

13 

lA 

15 

ppime Cycle power output 

MW 

52.1 

52.1 

52.1 

52.1 

BOTTOMING CYCLE POWER OUTPUT 

M* 

0. 

0. 

0. 

0. 

furnace power output 

MW 

0. 

0. 

0. 

0. 

balance of plant aux. power reo*d. 

MW 

3.8 

1.8 

1.8 

1.8 

Furnace aux. power reo<o« 

MW 

0. 

0. 

0. 

0. 

transformer losses 

MW 

O.A 

O.A 

O.A 

n.A 

INVERTER LOSS.J 

MW 

0.5 

0.5 

0.5 

0.5 

NET station output 

MW 

AT.* 

AT. A 

at.* 

AT.* 
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2.12 FUEL CELLS-HIGH TEMPERATURE 


DESCRIPTION OF CYCLE 

While most of the fuel cell effort was devoted to low- 
temperature cells, a brief investigation was made of high- temper- 
ature, solid electrolyte fuel cells. 

Figure 2.12-1 shows a schematic of the high- temperature fuel 
cell base case. In this system, the low-Btu gas fuel is preheated 
before it enters the cell. After passing through the anode side 
of the cell, the gas passes on to a combustor that provides hot 
gas to the boiler and reheater for. the bottoming cycle. 

The cathode side of the cell is supplied with air from a 
blower and air preheater. Hot air leaving the fuel cell is cooled 
in the fuel preheater and then joins the anode stream in the com- 
bustor. 

The bottoming cycle uses conventional temperatures of 1000 F 
(811 K) for superheating and reheating, and a pressure at the tur- 
bine inlet of 3515 losia (24.2 MN/m2) . 

Three variations of this base case were studied (the para- 
metric variations are listed later in the "Results" section) . 

The first variation was a change in the type of coal supplied to 
the gasifier. The next two variations were made to determine the 
effect of changes in the current density and the electrolyte thick- 
ness. 

ANALYTICAL PROCEDURE AND ASSUMPTIONS 

The solid electrolyte for the high- temperature fuel cell was 
zirconia (Zr02)> Cell operating temperature was 1832 F (1273 K) . 
In order to maintain a temperature near this level throughout the 
cell, a large amount of air was circulated through the air side 
of the cell (see Figure 2.12-1). At this temperature, no catalyst 
is needed. 

The low-Btu gasifier providing fuel to the cell is basically 
the same as the other gasifiers in this study. One difference is 
that the gasifier was free standing; that is, there was no inte- 
gration between the fuel cell system, or its bottoming cycle, and 
the gasifier. 

The high-tenperature fuel cell requires low-pressure gas. 
Because the gasifier operates at elevated pressures, the low-Btu 
gas was expanded through a turbine at the end of the gasification 
process. This expansion cooled the gas, and moisture had to be 
removed before the gas left the gasifier. 

As shown in Figure 2.12-1, the fuel was preheated by high- 
temperature air leaving the fuel cell. Because of the high tern- 
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peratures, a heat storage regenerator with a refractory matrix 
was used, similar to the units described under sections of this 
report on open-cycle MHD and closed-cycle inert gas MHD. Within 

changed to a new equilibrium composition 
at the high-temperature discharge. 

The stream leaving the anode side of the fuel cell is not 
completely depleted of fuel; enough hydrogen and carbon monoxide 
remain to burn in a combustor for the bottoming cycle. For the 
cases studied, the constituents leaving the fuel side of the fuel 
cell and entering the combustor were: 


Constituent 

H2 

N2 

H2O 

CO 

C 02 


Percent by mass 

0.9 

39.1 

16.2 
15.2 
28.6 

100.0 


high-temperature fuel cell were ob- 
tained primarily from General Electric tests. Reference 1 de- 

leased and gives a 

number of rt«ferences to literature used in this study. 

DESIGN AND COST BASIS 

The following materials were assumed for the cost estimates: 


Porous tube support 
Fuel electrode 
Interconnections 
Electrolyte 
Air electrode 


Zr02 

Ni and zirconia 
Cobalt chromite 
Calcia-stabilized zirconia 
Indium oxide doped with tin 


,, Cost were taken from Reference 2. This document cave 

most probable cost of $13.42/ft2, which was estimated to 
escalate to $i5.83/ft2 ($170/m2) by mid-1974. 

The performance estimates of Reference 2 showed much hiaher 
performance than was estimated from the General Electric tests 
(Reference 1 ) . For example, the power density used in Cases 1 
and 2 was 117 W/ft2 (1260 W/m2) (based on the G^eral E?ec?ric 

^ projected a power density of 

^ higher density could be achieved, 

sizable reduction in fuel cell capital cost could be realized. 
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RESULTS 


Results for the study of high- temperature fuel cells are 
tabulated in Table 2.12-1, which includes the major cycle input 
parcimeters. 

A breakdown of capital costs is given in Table 2.12-2. 

A summary giving major cycle characteristics for the high- 
temperature fuel cell base case is given in Table 2.12-3. 

Auxiliary losses and power outputs are shown in Table 2.12-4. 
DISCUSSION OF RESULTS 


Several observations can be made from the results shown in 
Table 2.12-1. 

The overall energy efficiency was moderate (a maximum of 
34.3 percent). Increasing the current density to 700 cimp/ft2 
(7500 W/m2) caused a large drop in efficiency. 

The principal drawback appeared to be the very high capital 
cost ($974/kW for the base case) . Largely because of this high 
cost, the cost of electricity was also relatively high (45 mills/ 
kWh for the base case) . 

The largest contributions to the capital cost were made by 
the gasifier ($202 million for the base case) and the balance of 
plant ($226 million). The balance of plant was costly principally 
because of the large amount of high- temperature piping. 

RECOMMENDED CASE 


The high-temperature fuel cell cate that is recommended for 
further study is Case 1. A variation on that case that should be 
considered is the integration of the high-temperature fuel cell 
system with the low-Btu gasifier. 
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1. White, D.W., Progress in High-Temperature, Zirconia-Electrolyte 
Cell Technology at General Electric , Report 68-C-254, Corporate 
Research and Development, General Electric Company, Schenectady, 
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2. Project Fuel Cell Final Report , RSD Report 47, Office of Coal 
Research, Department of the Interior, Contract 14-01-0001-303, 
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Table 2.12-1 



PARAMETRIC VARIATIONS FCR TASK I STUDY 
(Fuel Cells— High Temperature) ** 


Parameters 

Cane !■' 

2 

3 

A 

Power Output (MWel 

r. / 

nil 


82- 

Coal and Conversion Process 

111. 

Mont 

111. 



LHtu 

Llttu 

LHtu 


Oxidizer 






Air « 




Current Density (A/ft^» 

20P - 


700 - 


Eiectrolyte Thickness (inches) 

0 020 




Steam Bottoming Cycle 





Turbine inlet temperature 

;nno — 




Turbine inlet pressure (psig) 

.I.SOO — 




Reheat temperature (Op) 

} 00^ — . 




Maximum feedwater temperature (Op) 

510 




Heat rejection (in. Hg) 

WCT - 




Actual Powerplant Output (MWe) 

1 s 

III/ 

U II 

632 

828 

Thermodynamic Efficiency (percent) 

0. 

P. 

0. 

0. 

Powerplant Efficiency (percent) 

M.S 


2*.? 

27.9 

Overall Energy Efficiency (percent) 



2*. 8 

27.9 

Coa) Consumption (Ib/kWh) 

i.nn 

1. 1 1 

1.29 

1.18 

Plant Capital Cost ($ million) 


10«T 

878 

’in 

Plant Capital Cost ($/kWe) 

TT., 

<978 

910 

■61 

Cost of Electricity, Capacity Factor •> 0. 65 





Capital (mills/kWh) 

'O.R 

JO, 9 

28.8 

27.2 

Fuel (mills/kWh) 


0.5 

1 1 


Maintenance and operating (mills/kWh) 


t>.0 

<•.8 


Total (mills/kWh) 


*<•.<■ 

*8.*. 

82.3 

Sensitivity 





Capacity factor • a 50 (totai mills/kWh) 



88,8 

81.9 

Capacity factor -0.80 (total mills/kWh) 



39.1 

*6.8 

Capital A * 20 percent (A mills/kWh) 

<>•<* 

6.2 

8.8 

*.8 

Fuel A • 20 percent (Amills/kWh) 

• A 

l.T 

2.8 

2.1 

Estimated Time for Construction (years) 

A 

6 

8 

8 

Estimated Date of 1st Commercial Service (year) 

o<j« 

1998 

2008 

2008 


*Base case 

**Zirconia, 1832 F operating temperature 


lil* = Illinois 
LBtu = Low Btu 
Mont = Montana 


WCT = Wet cooling tower 
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Table 2.12-2 


CAPITAL COST DISTRIBUTIONS FOR HIGH-TEMPERATURE FUEL CELLS 



CASf ’10. 

1 

2 

1 

4 

cowroKfMS 

PMIMI circif 


lh‘T«« 

T4. 1 

76.1 

10.7 

1A.6 

run cfLi ST»c« 

tin PDfMf»T|R 

p»s 

2.2 

7.2 

1.6 

1.4 

HOTTOMINO c»cir 

itf «Cll I R 


lA.S 

lA.S 

10.4 

11.0 

sTt*" 


zn.J 

20. S 

70.1 

20.1 

FUtL PeOctS*il*l- 

OtSlMfP ll>.Clur|KCi ItOOST 


?P7.0 

70a. 0 

IST.O 

ITS.O 

Tu»H-CO»*P 

run 


4.6 

4.6 

6.4 

1.0 

5U0-’PT*l Of ‘»jrs CO>-PO’(kNTS 



176. T 

706.4 

712. a 

p»L*»«CI Of Pi»Nf 

COOliNf. TOtifU 

M«M 

i.s 

l.S 

l.S 

l.S 

OC TP *C If'vtRTIBS 

MV* 

1».A 

14.6 

A. 2 

11. s 

*LL OThIC 

MV* 

IS..J 

ISA.l 

TS.6 

lOT.l 

SITf L*P0» 

MM* 

AA.M 

AI.4 

7S.4 

IS.? 

SUp.TOTtl Of f»l»*'CI rr PL***T 

MM* 

77A.) 

776.1 

104,2 

IST.l 

comtihoinct 

HM* 

110.2 

110.6 

61.7 

Ti.O 

|SC*L*TIO» COlTS 

MM, 

1A9.1 

1A4.* 

40,6 

111.4 

|NTf«tST PU«I»ir. ICNStPuCT lOP 

MM* 

7 J2.P 

711. B 

lOS.S 

110.7 

TOTAL capital com 

MM* 

1CA1.7 

lOBT.l 

STS. A 

T10.7 

mAjOB COPPONfATS COST 

l/<pT 

747.1 

74A.O 

12T.A 

717. A 

balancc or Pi amt 

*/<¥f 

70T.S 

201.6 

1T7.I 

140,4 

continoi nct 

*/«.' 

44.1 

44. S 

100.0 

4A,T 

tSCAi-ATlMi COSTS 

S/<«f 

iTO.l 

ITO.T 

IAS, A 

llS.T 

INTFikST ojBiMr. Cf'KSTnir»!ON 

S/«M' 

704. S 

710.1 

166.4 

1ST. 4 

total capital POST 

S/(MI 

4T*.S 

4T6.1 

410. S 

161.6 




RFTRODUCinn ITY OP THK 
ORIGINAL 13 POOR 


I 
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Table 2.12-3 
SUMMARY SHEET 

FUEL CELLS-HIGH-TEMPERATURE 

crat PMMuicnn 


Mt taMT Ou%ut IINM 

IIU 

CoMTipe 

Illinois M>. 6 

Pot “.sett 

Ouiim 

Air 

Cumnt iA/1t^l 

200 

Ooctratyt* Itucknm 

oon 

Mtownt Cyci« iStoant 

Turknt inlft l»n»tr<urt t^i 

1000 

Turtin* inttt omsur* Ipsiyl 

3300 

■atoit ttii^snture i^t 

WOO 

HMt nyodwn 

Wit cooling tnxr 


HIUOOH CQMPONtNT CH*«»cnwiSTICS 



Umt or Module 




Motor Conoonrnt 

Sl» !«• 

(W 1 L lor 01 1 HI 

wtiom (1^ 

u UA 

Cost 
18 ■ 1(^ 

Units 

Roquirod 

Total Cost 
If 1 10^ 

Pnno Cyclo 






fuH C(tl ttJCt 

8i203>30 

1.38 

7 41 

10 

74.1 

Air ormoitrr 


2 42 

L7 

1 

2.2 

f jft cronooifr 



« 6 

1 

0, , 

•on^^njCjClo 

fumoto-Ooiior 

n I 77 • 82 

8 4) 

16 3 

1 

163 

Sloon lurtino-gfr'oroto' 

»• 174 I 23 

4 00 

20 3 

1 

70 3 


BASE CASE 


PtHfOtWAtCt AMD COST 
Thtmiodynimtc tfficMncy tpcro 


ftMryltnl ilficitncy (ttrt«n1l 
Ovtrtil tfwt^ fffidtnqr (parcwKl 31. i 

Plinl upiW cmt » I UA MO 

Plant c#ltal cost (MWtl *74 

Cnst ot ftoctricity I milIsftWh) 43. 0 



LOO 

0 277 
au7 
0 . 0 « 
0 
0 
0 

036 


tWvm0«i4O<T/U. IWTItUSlOW 



LMW^-Wu 


IMWh 


Input 


OuMut 

SO, 

0.2 


0.002? 

NO, 

u 


0 

HC 

0 


0 

CO 

0 


0 

Padicutatos 


ItuAin 

— 

Heat to oator 


2080 


HoM. total roioctad 

LWHAh 

7420 


Wastts 




Ash 

0 113 


3. 02 t lOO 

Sulfur 

0 033 


1.01 1 10^ 



r 


1 


Table 2.12-4 

POWER OUTPUT AND AUXILIARY POWER DEMAND 
FOR BASE CASE AND PARAMETRIC VARIATIONS: 
FUEL CELLS-flIGH TEMPERATURE 



CASE NO. 

1 

2 

3 

4 

PRIME Cycle power output 

MW 

550.5 

550.5 

80.6 

269.0 

BOTTOMING CYCLE POWER OUTPUT 

MW 

555.0 

555.0 

550.0 

552.0 

furnace POWER OUTPUT 

MW 

CO 

• 

o 

CO 

80. S 

59.0 

67,7 

balance of plant aux. power 

RE0«0. MW 

63.3 

63.4 

53.3 

57.3 

furnace aux. power reo»d. 

MW 

0. 

0. 

0. 

0. 

transformer losses 

MW 

5.9 

5.9 

3.6 

4.4 

inverter losses 

MW 

5.5 

5.5 

0.8 

2.7 

NET station output 

MW 

U1U6 

1111.5 

631.9 

824.3 


.. ;TV or THE 

UUU- 


I 

i 

f 
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Section 3 

SUMMARY OF RESULTS-CONVERSION SYSTEMS 

The obi active of the Task I Study of Advanced Energy Conver- 
cinn qv^tem^foi coal or coal-derived fuel was to develop a tech- 

4 -ka fpaeir TT ponc©Dtu 3.1 dGsi-QH portion of 
thi^study! roeneral Electric Company ^®I®Study, 

?o Savf rUnS! of compel?:” ffai^ff cL^fnJ fal^^t ^fi^y 

ui™ IflLtion of cycles -"tinuing 

111 , however, was the responsibility of the EGAS Interagen y 
Steering Committee. 

Since the objective of the Task I Study was to generate a 
?^ruftrei?fbf^r^se:«fifrs:»^ary^banrjrtfe%?SIr Of 

irsi^i!ofr;nd"rpprnd5frif^f^rfof^oiurf!°"w 

sSenlriofor assumf ions could be proposed for comparison of the 

irrifi fos?s:i;d;s;;h^rona!^ 

5SriechnicI?-economic^^ format that will 

permit these variations to be made. 

ENERGY CONVERSION SYSTEMS 

The oarametric evaluation of the ten energy conversion sys- 
tems un^nS^estigation in the Task I effort involved changes in 
the heat input technique, fuel, cycle conditions, . 

cycles! and heat rejection technique. For each 
variation, technical-economic information was generate . 

"base” c2U co^igurations, additional information on environ- 
mental int?usSl"natural resource requirements, size and weight 
of major components, etc., was generated. 

The characterizing parcimeter most often presented for ad- 
vancerconversion techniques is the thermodynamic efficiency^ 
This is only a portion of the total story since fuel conversion 
losses and Lxiliary power demands ^^st be ®^^r acted to achiev^ 
;»n overall coal pile to electrical bus bar efficiency. The et 

ficiency of the ten energy conversion ' 

o;»rametric variations is shown in Figure 3 1. The power 
plant (not including off-site fuel processing . 

overall coal pile to bus bar efficiency, and the specific 


PRRCFDIKO PPANK NOT FILMED 
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4— 

0 Reference Steam Conditions 

1 

1 Coal Consumption (Lb/kWh) 

|lo 10 


(g) 
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1 
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1 

1 

Open-Cycle Gas Turbine 
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• 

1 
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□ 
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1 0 
1 

Organic Bottomed 

0 
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1 

1 
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1 

1 

Air Cooled 


1 

1 



0 

1 

Semi-Clean Fuel 
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o 

LBtu 
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1 

Water Cooled 


1 
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0 

1 
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o 
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1 
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0 

1 
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o 
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p 
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0I 

1 
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1 ® 



o 
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1 

@ 
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1 

Liquid Metal Topping 
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0 1 

Open-Cycle MHD (Coal) 


1 

1 @ 



1 

1 nert Gas MHD 


1 

1 

1 



0 
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1 @ 



0 

Parallel 



□ 


0 I 
1 

Liquid Metal MHD 
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1 

1 
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1 

1 



1 ^ 

Low Temperature 


1 

o 1 B 



0 

1 

High Tempera ('■*» 


® 1 



Figure 3-1. Summary Comparison of Cycles (efficiency) 
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consumption are given on this figure. A comparison is also pre- 
sented which demonstrates the standard steam conditions (3500 psi/ 
1000 F/1000 F [2.41 x lO^ N/m2/811 K/811 K] ) , conventional furnace 
with stack gas cleanup and mechanical draft wet cooling towers. 
This is the system presently employed in a steam power plant. <The 
values which are plotted are representative of a specific system 
and do not necessarily represent the highest efficiency or lowest 
cost. 


The open-cycle MHD system burning coal directly is the only 
system which resulted in efficiencies approaching 50 percent. A 
group of cycles fit in the 40 percent to 45 percent efficiency 
range category; advanced steam, supercritical CO 2 , liquid metal 
topping, and inert gas MHD (topping) . In the same range with the 
standard steam plant, the mid thirties, are the open-cycle gas 
turbine-combined cycle, closed gas turbine with organic bottoming, 
liquid metal MHD and inert gas MHD (parallel) . The remaining con- 
version systems are less efficient than would be expected from a 
standard steam plant of current design. It should be noted that 
both the low-temperature fuel cycle and the open-cycle gas turbine 
recuperative with organic bottoming had power plant efficiencies 
in the 40 percent range. Both these cycles have a clean fuel re- 
quirement, however, and the reduction from power plant to overall 
efficiency resulted from the processing efficiency in the produc- 
tion of high-Btu gas as consumed by the conversion cycle. 

The capital cost estimates for the energy conversion concepts 
are shown in Figure 3-2 representative points. The total capital 
cost is divided into specific elements: major components, balance 

of plant, contingency and interest, and escalation during construc- 
tion. The capital costs for the standard steam plant are projected 
to be approximately 700/kW. The cycles which were lower than the 
standard steam plant in capital costs were the plants with short 
construction times and simple construction. These are the gas 
turbine cycles, both open and closed, and low-temperature fuel 
cells. The more complex systems featured significant balance-of- 
plant costs and long construction times (resulting in high 
interest and escalation charges during consutrction) . The super- 
critical CO 2 cycle employs a combination of high temperature and 
high pressure in the major components and had the largest cost 
for that item. The closed-cycle MHD systems, inert gas and liquid 
metal, had the highest balance-of-plant costs. 

Neither the efficiency nor the capital cost projects the 
total picture for technical-economic evaluation. The combination 
of the two values along with the fuel cost gives a more realistic 
evaluation of the attractiveness of the various concepts for repre- 
sentative points. This value is the cost of electricity and is 
shown in Figure 3-3 for the various conversion systems. The cost 
of electricity is subdivided into contributions of capital charges, 
fuel cost, and operating and maintenance charges. Once again, the 
as-analyzed standard steam plant is supplied as a reference: cost 
of electricity = 'V/30 mills/kWh. In plants with very high capital 
costs — MHD, supercritical CO 2 , liquid metal topping, etc. — the 
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Reference Steam Conditions 


I CAPITAL COST ($/kW) 

200 400 600 ! 800 1000 1200 1400 1600 1800 2000 


H h 


Open-Cycle Gas Turbine 


I 


Recuperative 

~M3 

Notes 

Organic Bottomed 
Combined Gas Turbine 

1 

1 

Contribution to Total 
Major Component Costs I I 

Air Cooled 

1 

Balance of Plant W//A 

Semi-Clean Fuel 


Contingency H 

LBtu 

1 

1 nterest and Escalation |; V:::;| 

Water Cooled 

1 

During Construction 


Semi-Clean Fuel 
LBtu 

Closed-Cycle Gas Turbine 
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Steam 
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Nonbottomed 

Supercritical CO^ 

Advanced Steam 

Liquid Metal Topping 

Open-Cycle MHD (Coal) 

I nert Gas MHD 
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Liquid Metal MHD 

Fuel Cells 

Low Temperature 
High Temperature 


^ as 


m 






I 


I 














I 










W/AT/a 




Pigure 3-2. Summary Comparison of Cycles (Capital Cost) 
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Reference Steam Conditions 


COST OFiELECTRiCITY (Miiis/kWh) 
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Figure 3-3. Summary Comparison of Cycles (Cost of Electricity) 




capital charge far exceeds the contribution from either fuel or 
Operating and Maintenance (O&M) . This makes the cost of elec- 

insensitive to efficiency for these concepts. 

On the other side of the scale are the low capital cost plants— 
open-cycle gas turbine— recuperative and low-temperature fuel 
cells. These concepts, because of a requirement for clean fuels, 
have high fuel costs and low capital charges. The only cycle which 
was consistently lower than the standard steam plant on a cost 
of electricity basis was the open-cycle gas turbine — combined 
cycle. This system demonstrated a balance between the capital 
and fuel charges. The employment of semi-clean fuel resulted in 
a less expensive on-site capital cost but with the penalty of 
higher fuel charges. jr ^ 


The economic comparison presented in Figure 3-3 was for a 
65 percent capacity factor. Another approach to presentation of 
this information is through use of a "screening curve." This 
curve is presented as a function of hours of plant operation per 
year, a screening curve representation is shown in Figure 3-4 
for the conversion systems. These curves show the cost of opera- 
plant on a $/kW-year basis vs the hours of operation, 
intercept, at zero hours, shows the capital charge 
which IS incurred if the plant is not operated. The scope is^ 
representative of the operating charges including both O&M and 
fuel. The plants with high efficiency generally have small 
slopes and are characteristic of baseloaded plants. These 
screening curves demonstrate the economic data for a plant oper- 
ating with a range of capacity factors. However, no evaluation 
was made of the energy conversion system's technical ability to 
operate in an other-than-baseload" mode. The capital costs for 
control equipment necessary to operate in the peaking or mid- 
range mode was not included in the evaluations. 


Five specific bands have been placed on this curve to re- 
present classes of economic attractiveness. Two dashed lines 
also appe^. The dashed line through the origin represents a 

charge. The second darihed line represents 
the standard steam plant. The intercept of the dashed first line 
(which passes through the origin) and the characteristic line for 
a specific conversion system indicates the number of hours per 
year the plant must operate in order to produce 30 mill/kWh 
power. The intercept with the standard steam line oicuVs at 
approximately a 65 percent capacity factor. 


The band around the standard steam condition line contains 
the advanced steam cycle and the closed gas turbine cycles. All 
of the concepts could generate approximately 30 mill/kWh power 
for a capacity factor of approximately 65 percent. 

The only band which is significantly better than the stand- 
ard ste^ plant band over the whole range of capacity factors is 
the combined gas tu/bine cycles. These cycles have the lowest 
yearly operating costs in the study. 
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^ directly above the standard steam condition plant con- 
tains the open-cycle MHD, metal vapor topping, and high-temperature 
onoi cell. The open-cycle MHD is an example of a system with very 
good operating efficiency, therefore, low slope. However, its capi- 
^ axis intercept) prevents this system from producing 
electricity on a cost competitive basis with standard steam plants! 

The upper band features the closed MHD cycles and super- 
critical CO 2 . The extremely high capital cost of these systems 
makes their projected operating costs over three times those ex- 
pected for the standard steam plant. 

The remaining band has a much greater slope and is more 
characteristic of peaking plants featuring low capital cost and 
high operation costs. The low-temperature fuel cell and open- 
cycle gas turbine recuperative fall into this category. It is 
interesting to note, however, that in spite of the high operating 
charges for this class of cycles, at capacity factors less than 
50 percent, they will produce electricity at a lower cost than the 
standard steam plant. 


These screening curves represent the concepts evaluated 
under the ground rules established in this study. If these 
ground rules change, the comparison is no longer valid. For 
example, higher fuel costs would be reflected in greater curve 
slopes. This effect would of course be less pronounced on the 
more efficient cycles. The fact remains, however, that no matter 
how efficient a cycle is, the effect of high, fixed capital 
charges cannot be neglected. Within the economic constraints, a 
limit IS therefore plac^ on the initial capital investment which 
can be justified to achieve an efficiency increase. 

RECOMMENDATIONS FOR TASK II STUDY 


As previously stated, the objective of the Task I study was 
to develop a data base which could be utilized by the Interagency 
Steering Committee for selecting the advanced energy conversion 
systems to be evaluated in more detail in Task II. However, the 
General Electric Company was requested to provide recommendations 
for systems to be evaluated in Task II. The recommendations pre- 
sented herein are based upon the Task I results. 

The criteria employed for the selection process were: 

• Performance 


High power plant efficiency 
Low specific coal consumption 
• Economics 


Low capital cost 


Low cost of electricity 

Established basis for high plant availability 
Potential adaptability for base load operation 


Of equal significance are some critiera which were not em- 
ployed. They included: 


• Technical barrier problems 

• Likelihood of developmental success 

• R&D plans and resources required 

• Expected year of first commercial service 


In some cases, the criteria not employed are at least as 
important as those employed. However, the information basis re- 
ciuired to evaluate the conversion concepts with respect to this 
latter group of criteria will not be generated until Task II and 
III of the program. They will be employed in the final evalua- 
tion of systems in Task III. 


The General Electric recommendations of advanced energy con 
version systems for Task II study are given in two parts: a 

positive group and an optional group. 


Positive Recommendation 


• Advanced Stecun 

Direct combustion of coal in an atmospheric fluidized 
bed. This cycle is the present standard of industry 
for baseload power and with the inclusion of a new 
furnace system (atmospheric fluidized bed [AFB]) 
represents a firm, reliable, advanced cycle base. 

• Open-Cycle Gas Turbine Combined Cycle-Water Cooled 

With semi-clean fuel. This system had the lowest 
cost of electricity and a good power plant efficiency. 
The semi-clean fuel offers an alternative to gasifi- 
cation for gas turbine cycles. 

• Open-Cycle Gas Turbine Combined Cycle-^ir Cooled 

With integrated low-BTU gasifier . This system had 
the second lowest cost of electricity and offers the 
potential for good overall efficiency. The inte- 
grated gasifier permits utilization of coal in a gas 
turbine with on-site fuel processing control. 
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• Open-Cycle MHD 

Direct coal fired. This system offers the highest 
efficiency of any concept in the study and the pos- 
sibility of direct combustion of coal in an open 
cycle machine. 


Optional Recommendation 

If additional systems are to be studied in Task II, a recom 
mendation is made that these systems be selected out of the 
following three groups. 


• Closed-Cycle Gas Turbine 

This system offers low cost of electricity because 
of low capital costs. The specific coal consumption 
was not as good as a standard steaun power plant. 





Supercritical CO 2 
Inert Gas MHD 
Metal Vapor Topping 


Each of these systems offers potential efficiencies in 
excess of 40 percent. However, their high capital 
costs resulted in their not being competitive on a 
cost-of-electricity basis. Of these three concepts, 
the metal vapor topping cycle had the lowest capital 
cost. 





Fuel Cell— Low Temperature 
Open-Cycle Gas Turbine Recuperative 


Each of these two systems had a competitive cost of 
electricity compared to the steam reference cases. 
However, the systems required clean fuel, thus making 
them more suitable for peaking duty in terms of over- 
all energy utilization. 


I 
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Appendix A 

POWER CONDITIONING SYSTEA/^ 
FOR AAHD AND FUEL CELL APPLICATIONS 


INTRODUCTION 


Power sources employing MHD or fuel cells generate direct 
currents at relatively low voltages where transmission is not 
practical. Power conditioning systems are required which convert 
the d-c to a-c and raise the voltage to subtransmission or trans- 
mission voltages. These systems must be compatible with electric 
utility practice in both operation and reliability. This Appendix 
describes such a system that is derived from high-voltage d-c (HVDC) 
power transmission technology. 

HVDC TECHNOLOGY 


Early devices for conversion employed the mercury arc valves 
emd approximately 6300 MW of such capacity are presently in oper- 
ation. With the commissioning of the Eel River Converter Station 
in 1972 (refs. 1 and 2 ), the solid-state era in HVDC was initiated. 
Today a total of 6800 MW of solid-state transmission capacicy are 
installed or are committed and under way. 

The HVDC technology is sufficiently mature that it is accepted 
by the electric utility industry. Development continues in the 
United States by General Electric and in Europe; Russia is devel- 
oping its own system and much academic work proceeds from Japan. 

A sound basis exists for expansion of solid-state HVDC tech- 
nology into the power conditioning field for such systems as MHD, 
fuel cells, photovoltaic systems or storage battery energy storage. 
Commercial activity in the solid-state HVDC transmission field will 
continue to advance the technology. 

In HVDC transmission systems, current and voltage levels are 
selected for most efficient use of available semi-conductors with 
due respect to construction and operating costs of connected d-c 
lines. For instance, the Eel River 320 MW system, a back-to-back 
asynchronous tie, utilized two circuits at 80 kV and 2000 eunperes 
each. The Square Butte Project, now under construction from North 
Dakota to Minnesota, spans a distance of approximately 450 miles 
and will operate at -250 kV and 1000 amperes. Systems are under 
consideration for ratings up to 600 kV and 2000 aunperes. In the 
past, as many as four thyristor cells have been used in parallel, 
as r» Eel River, but the present trend is toward larger cells. 

Another branch ot the technology has evolved using silicon 
diode rectifiers for low voltage and high current. Systcsms 
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supplying 25,000 A at 1,100 V are not unusual for electrochen.^ al 
application. Power conditioning systems might utilize technology 
from this field as well as the HVDC field. 

HVDC control systems are the culmination of extetiSive devel~ 
opment aimed at high reliability and maximum performance. Exten- 
sive use has been made of military and space program experience. 
Redundant functions are provided with indication of loss of re- 
dundancy and on-line replacement of suspected circuit modules. 

These systems have an excellent record of reliability in the com- 
mercial power system environment and are immediately adaptable for 
power conditioning systems. 

HVDC System Operation 

The elements of a typical HVDC transmission system are shown 
in Figure A-1 and the current/voltage characteristics are shown 
in Figure A-2. The rectifier (a-c to d-c converter) is operated 
as a feedback control system to maintain constant d-c output within 
the limitations of the supply voltage. The constant current exists 
from zero voltage up to a maximum determined by system a-c voltage, 
f' ^o^verter transfomntjer design and transformer tap position (ref. 4) 

{ and the converter firing angle limitation (ref. 4) built into the 

control system. The inverter normally operates in the constant 
extinction angle mode, where d-c voltage and power factor are max- 
imized consistent with reliable operation, in addition, a current 
control mode is provided for the case when rectifier a-c system 
vrltage is too low to allow the rectifier to control current. 

Figure A-lb shows the rectifier and inverter characteristics 
and the operation point where these characteristics intersect. 

Power is varied by changing set point of the rectifier current 
controller. Because of the shape of the curves, there is little 
disturbance to either d-c voltage or firing angles when current 
IS changed. Transformer load tap changers i'\e used in automatic 
circuits (not shown) which hold firing angles and d-c voltage 
within optimum ranges. 

A d-c system requires an inductance in the circuit to minimize 
ripple current-control rate of rise during faults, and to isolate 
the converter waveform from the remainder of the circuit. D-C cir- 
cuit breakers are not needed since the control function is accom- 
plished electronically in the control system of the rectifier. 


HVDC systems are based on line commutated inverters (refs. 3 
and 4) . Because of the substantial technical and cost data base 
available from work on these systems, the power conditioning sys- 
tems for MHD and Fuel Cell applications used in this study as- 
sumed line commutated inverters. 
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Converters for Power Conditioning 


In the power conditioning system, the MHD or fuel cell equip- 
ment replaces the rectifier. There is no practical way in which 
these sources can control current or voltage. It is therefore 
necessary that a d-c circuit breaker or equivalent control be 
interposed between the power source and the inverter. As in the 
HVDC transmission system, an inductance is also required. 

Figure A-2a is a one-line and block diagram of a power con- 
ditioning system, and Figure A-2b is a representative volt/ ampere 
characteristic. A small range of voltage adjustment is available 
electronically in the inverter. The range of current control is 
determined to a large extent by the current/voltage characteristic 
of the power source and is rather limited- For a given source 
characteristic, the range can be extended by increasing trans- 
former load tap changer range or by increasing the firing angle. 

The latter deteriorates the power factor and both are costly. 

Disturbances in the connected a-c system can cause inverter 
malfunctions commonly known as commutation failures. The result 
is a collapse cf the inverter voltage and, under some circumstances, 
a direct connection of the power source to the a-c voltage of the 
associated converter transformer. In HVDC systems, the direct 
current is controlled by the rectifier and can be reduced or cut 
off automatically to allow recovery of the inverter. In the MHD 
or fuel cell system, such control is not available and current 
will increase to such a level that recovery is impossible. A d-c 
circuit breaker is required which can interrupt the fault current 
from the MHD generator, to allow recovery. Stress on the circuit 
breaker is severe because of large, short-circuit currents and the 
requirement for an inductance in series with the power source. 

D-C breakers are not currently available as a commercial 
product. However, several development projects are under way. 

These are directed at HVDC but will be similar to those required • 
for MHD. 

High power converters such as those used in HVDC power 
transmission and proposed for power conditioning systems must be 
connected to a-c systems having short circuit capacity in MVA at 
least three times the MW capacity of the converter. The converter 
generates current harmonics on the a-c side which are detrimental 
to a-c system operation. Filter circuits connected to the line 
side of the converter transformers are employed to absorb these 
harmonic currents. Another aspect of HVDC systems is that con- 
verters absorb reactive power equal to approximately 60 percent 
of the real power level. The harmonic filters provide some of 
the reactive power and the remainder must be supplied from the 
a-c network. 
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Sample Systems 


Figure A-3 describes a representative power conditioning 
system. There are 1000 electrode pairs, each capable of produc- 
ing 200 A at 7000 V. These electrode pairs must be electrically 
Isolated from each other. It is therefore proposed that each 
electrode pair be provided with its own breaker, inductance and 
converter bridge. Four bridges would share a control system. 



DC 

Breaker 


1000 Electrode pairs 
1000 DC Breakers 


1000 Reactors 70 RiH 


1000 Bridqt 7 kV, 200 A pel electrode pa.i 
250 Transforriers with LTC 
250 12 Pulse control circuits 

142C MK Total capacity 




mIw ^La AaIaA 


Figure A-3. MHD Converter System 1.4 MW Module 


If groups of 20 electrode pairs are connected directly in 
parallel the system consists of 50 converters of 28 MW capacity 
and requires 50 transformers instead of 250. The mode of opera- 
tion is the seune as that described for the 1.4 MW module. ^ A cir- 
cuit diagram, being slightly different, is described by Figure A-4 







Figure A-4. MHD Power Conditioning System 28 MW Module 


Efficiency for the 28 MW module system is estimated at 98.5 
percent, while the 1.4 MW module is estimated to be slightly less 

Pricing 

The following background applies to the price estimates: 

1. The price is for terminal equipment only and does not in 
elude installation or civil work. 

2. Control system price and performance are based on equip- 
ment currently in production for use in HVDC systems. 
Prices for transformers, valves and switchgear are based 
on HVDC current commercial equipment. DC breaker price 
estimates are based on estivonted costs of equipment 
presently being developed. 

REPRODL'i.Ji'Il.ij 1 OF Tllh 
OKlGilsAL IS 
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prices are based on costs of forced, recircu- 

units similar to HVDC 
equipment now in the installation phase. 

A "module" consists of an electrode pair or arouo of oairs 

thyristo? valves Ld a' 

costrLr operates the module as a unit. Estimated 

erfgi^eS in "IbirS? module sizes 


Table A-1 

ESTIMATED COSTS (? PER KW RATING) FOR INVERSION EQUIPMENT 



Equipment Rating 


50 MW 

300 MW 

1400 MW 

1.4 MW/Module 

335 

305 

300 

28 MW/Module 

125 

75 

65 
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